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Abstract 
 The increasing world energy demand during last few decades has led wind power 
installed capacity to a significant growth. Wind power is a renewable resource, which 
means using it will not deplete the earth's supply of fossil fuels. It is also a clean energy 
source, and operation does not produce carbon dioxide or any other type of air pollution, 
as do conventional fossil fuel power sources.  
 However, there is an environmental impact associated dominantly during the 
production and dismantling. During manufacture of the wind turbine, steel, concrete and 
other materials will have to be made and transported using energy-intensive processes, 
generally using fossil energy sources. 
 Several studies demonstrate that among the different parts conforming a wind plant, 
tower+foundation are the most energy intensive components. 
 A sustainability assessment of a “virtual” tower for wind turbines, 100m hub height 
with a assumed 3.6 MW capacity wind turbine is made focusing on the embodied CO2 
equivalent emissions and energy consumed in production and execution of the towers. A 
comparison between the two most common types of tower is done: tubular steel tower and 
prestressed concrete tower. Data on generation of electrical energy from the wind power is 
evaluated for various countries and simple assessment is made to get estimation of the 
equivalent CO2 per MW·h of produced electricity. 
 Load tables are commonly provided by the turbine producers when a specific tower 
design is made. However, a single horizontal force at the hub height is used as an 
approximation of an equivalent characteristic load for ultimate limit state. Fatigue damage 
is assessed in the same way decreasing the considered load by a reasonable factor.

Sustainability assessment of towers for wind turbines 
 
     7 
Goals and methodology 
 The main goals of the MSc is to provide data and check payback parameters such 
as energy used versus energy produced and the total CO2 emission per kW·h of the 
produced electrical energy. Two tower designs, the steel tubular tower and the pre-
stressed concrete tower, were designed using the same loading generated by the same 
wind turbine and the same hub-height. The overview of the procedure used is shown in the 
flow chart below. 
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1. The role of wind energy 
This first chapter introduces some of the environmental problems that world’s population 
are facing today: worldwide pollution and overconsumption of natural resources. 
In order to sort out the problem, renewable energies are presented as the key to achieve a 
better future.  
The aim of this chapter is to explain why wind power may be better than other green energies 
available and which role will play wind energy in future. 
 
1.1. Having a look on Earth 
 The world population has significantly increased in the last 50 years, mainly due to 
medical advancements and substantial increases in agricultural productivity. Nowadays, 
human population has raised concerns 
that the Earth is beginning to be 
overpopulated. 
 The scientific consensus is that 
the current population expansion is 
accompanied by an increase of usage of 
resources, above all fossil fuels. 
Although it is believed that oil wells will 
be able to feet world population for at 
least the following 100 years, more 
sustainability energies are needed to 
avoid threatening tomorrow’s Earth. 
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Graph 1 – Evolution of world total primary energy supply by fuel. 
Source: International Energy Agency (www.iea.org). 
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 Nowadays, one of the biggest problems humanity is facing is the amount of 
greenhouse gas emissions thrown in the atmosphere every year. Since not all gases are 
equal in their heat retention properties, in order to achieve a meaningful comparison, % 
concentrations must be changed to % contribution relative to CO2. This is done through 
the use of GWP multipliers for each gas. GWP (Global Warming Potential) is used to 
contrast different greenhouse gases relative to CO2 (whose GWP is standardized to 1) 
over a specific time interval, commonly 20, 100 or 500 years. For example, the 20 year 
GWP of methane is 72, which means that if the same mass of methane and carbon 
dioxide were introduced into the atmosphere, that methane will trap 72 times more heat 
than the carbon dioxide over the next 20 years. 
 Among the many human activities that produce greenhouse gases, the use of 
energy represents by far the largest source of emissions. Energy accounts for over 80% of 
the anthropogenic1 greenhouse gases in the world, with emissions resulting from the 
production, transformation, handling and consumption of all kinds of energy. Accounting 
for the largest share of global greenhouse gas emissions, energy emissions are 
predominantly CO2. 
 
Graph 2 – Sources of world’s greenhouse-gas emissions. 
Source: International Energy Agency (www.iea.org).  
  
                                            
1 Anthropogenic: Emissions caused by human activities.  
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1.2. Wind energy: the fastest growing power source 
 Until recently, industrialised countries had emitted the large majority of CO2. 
However, shares of developing countries are rising very rapidly and are expected to 
continue doing so. In order to achieve a low carbon world, mitigation measures by means 
of worldwide efforts will be required. 
 In December 2008, the European Council and the European Parliament reached an 
agreement on the climate change and energy package which involves a political 
commitment by the European Union to reduce its greenhouse-gas emissions by 20% by 
2020 compared to 1990 levels. As demand for energy increases, renewable energy 
sources will have to play a significant role in achieving this target.  
 The following graph shows world’s renewable electric power capacity existing at the 
end of 2010. 
 
 
Graph 3 – Renewable electricity in the world. Source: REN 21 Reference [28]. 
 
 Nevertheless, as hydroelectric power has reached its potential capacity limit in most 
OECD countries1, it is believed that wind power will grow rapidly in the next 10 years. A 
part from generating electricity with significantly lower emissions than fossil fuels, the cost 
per KW·h is becoming comparable to coal, nuclear and many other sources of energy.  
 Forecasts show that the global wind power market will grow by over 155% to reach 
240 GB of installed capacity by 2012. 
                                            
1 http://www.oecd.org 
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Graph 4 – Wind power world capacity. Source: REN 21 Reference [28]. 
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2. Introduction to wind and wind power 
 Once the importance of wind power in the next decade has been pointed out, this chapter 
tries to make a brief introduction to wind power and wind technology. For this reason, wind, which 
can be considered as the fuel of this energy as well as all the facts that can vary the energy on it 
have been treated. 
 A part from the wind, a description about wind turbines and how wind power is exploited 
has been done.  
 The aim of the chapter is to explain why it is important to have big wind turbines and how 
their size effect on the produced electricity. 
 
2.1. Description of a wind turbine 
 In order to exploit the wind energy that exists at a certain location, wind turbines are 
required. These devices convert kinetic energy from the wind into mechanical energy, 
which is transformed most of the times into electricity for distribution. This energy is 
regarded as sustainable because no CO2 is emitted during the production of the electricity. 
 Nowadays, there are two types of wind turbines depending on the surroundings 
where they are built: onshore and offshore. Although both types are working in the same 
way, the assembly procedure and its transport are very different. Therefore, this document 
will only consider onshore wind turbines. 
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No matter the size of a wind turbine, all of them are conformed by mostly the same 
parts showed in figure 3. 
 
  
Figure 3 - Wind turbine parts. Source: www.ec.europa.eu. 
Figure 2 – Onshore wind turbine in 
Deutschland. 
Figure 2 – Offshore wind turbine in 
Great Britain. 
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2.2. Energy in the wind 
 Wind profiles 2.2.1.
 Wind is the flow of air on a large scale by which thermal energy is distributed on the 
surface of the Earth. On average, Earth 
receives from the sun a heating power of 
1.74·1017 W1, from which only between 1 and 
2% are transformed into wind power.  
 In the study of atmospheric circulation, 
two approaches are done: 
• Global scale: Geostrophic wind (height 
> 1,000 meters). 
• Local scale: Surface wind (height < 100 
meters). 
 
 Global scale: Geostrophic wind 2.2.1.1.
 Although the large-scale structure of the atmospheric circulation varies from year to 
year, the basic climatological structure remains fairly constant.  
 The two main causes of large-scale atmospheric circulation are the difference of 
temperature and pressure between the equator and the poles, and the rotation of the 
planet (Coriolis effect).  
 Wind rises from the equator and moves north and south towards the poles through 
higher layers of the atmosphere. At the poles, there is a high pressure existing owing to 
the cooling of the air. In both hemispheres, around a latitude of 30º, Coriolis force prevents 
the air from moving further. At this latitude, the high pressure makes air sinking down. 
Then, the wind circle becomes closed as in equator there is a low-pressure area close to 
ground level attracting winds from North and South. 
 Since hot air is lighter than cold air, it will rise into the sky until it reaches 
approximately 10 km altitude and will spread to the North and the South. If the globe did 
                                            
1 Source: Danish Wind Industry Association (www.windpower.org)  
Figure 4 – Large-scale atmospheric circulation. Source: 
http://en.wikipedia.org/wiki/Meteorology. 
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not rotate, the air would simply arrive at the North Pole and the South Pole, sink down, and 
return to the equator. 
 
 Local scale: surface wind 2.2.1.2.
 Wind direction is influenced by the sum of global and local effects. Although global 
winds are important in determining the prevailing winds in a given area, local winds are 
always superimposed upon the larger scale wind systems.  
 High above ground level, at a height of about 1 kilometre, the wind is hardly 
influenced by the surface of the earth. However, in the lower layers of the atmosphere, 
wind speeds are affected by the friction against the surface of the earth. In the wind 
industry, a distinction between the roughness of the terrain, the influence from obstacles, 
and the influence from the terrain contours, which is also called the orography of the area, 
has to be done.  
 In general, the more pronounced the roughness of the earth's surface, the more the 
wind will be slowed down. Wind 
conditions in a landscape are 
graded in roughness classes or 
roughness lengths. A high 
roughness class of 3 to 4 refers to 
landscapes with many trees and 
buildings, while a sea surface is in 
roughness class 0. The term 
roughness length is the distance 
above ground level where the wind 
speed theoretically should be zero. 
 When it comes to orography, it plays an important role in the deflection and 
acceleration of the wind. Obstacles such as ridges, hills and cliffs affect the wind velocity 
profile. However, while some patterns may be very favourable as they increase wind’s 
speed profile (tunnel effect and hill effect), some of them must be strictly avoided since 
they can create considerable turbulence. 
Graph 5 - Source: www.windpower.org (wind speed calculator). 
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 Another important factor when talking about wind is the local weather. Usually, 
typical weather pattern is that winds are low at night, and higher during the day. This 
phenomenon is quite important and must be considered because this means that wind 
electricity generally fits well into the electricity consumption pattern. 
 
 Wind power exploiting 2.2.2.
 Energy content in wind [29] 2.2.2.1.
 A wind turbine obtains its power input by converting the force of the wind into a 
torque acting on the rotor blades. The amount of energy which the wind transfers to the 
rotor depends on the density of the air, the rotor area and the wind speed. 
 The power of the wind can be estimated using the following expression: 
 
Where: 
  t = time 
  m = mass of the air  
  v = speed of the wind 
  A = Swept area by the rotor 
  ρ = density of air 
  k = wind’s constant  
Figure 5 – Swept area by the rotor. Source: Reference [29]. 
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 Thus, taking the control volume showed in figure 6, the theoretical power produced 
by the blades using wind energy is: 
 
Where: 
  Q =  Flow of air 
  S =  Swept area by the rotor 
  s1, s2 = Perpendicular surface to the direction of the wind 
  V =  Speed of the wind middle surface V = (v1 + v2)/2 
  v1, v2 = Speed of the air in the entrance and exit of the control volume 
  F =  Applied force to the blades 
  ρ =  Density of air 
 
 However, the expression given before is only valid under an ideal situation. As air is 
a fluid flowing through the rotor, aerodynamic phenomena appear at the blade’s surface 
that decrease the amount of power able to be extracted from the air. For these reason, the 
expression has to be changed to:  
Figure 6 – Control volume of air going through the blades. 
Source: Reference [29].  
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Where: 
  S = Swept area by the rotor 
  V = Speed of the wind 
  ρ = Density of air 
  Cp = Coefficient of power related with aerodynamic phenomena 
 
 In 1919 the physicist Albert Betz showed that for a hypothetical ideal wind-energy 
extraction machine, the fundamental laws of conservation of mass and energy allowed no 
more than: 
 
Where: 
  λ = Tip speed of the blade 
  θ = Blade pitch angle 
  
Graph 6 – Wind Power curve. Source: Reference [29]. 
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 This means that the amount of energy to be captured is upper limited to 59.3% of 
the kinetic energy of the wind. Nowadays, with the available technology, modern turbine 
designs can reach 70 to 80% of this theoretical limit. 
 
 Wind turbine technology 2.2.2.2.
 The more uniform wind speeds a turbine receives, the more efficient it works. 
However, as wind never blows equal, wind turbines are optimized to produce maximum 
power output at the most probable wind speeds, usually around 15 m/s. 
 
 The rated speed is the minimum wind speed at which the wind turbine will generate 
its designated rated power. For example, a "10 kilowatt" wind turbine may not generate 10 
kW until wind speed reaches Vrated. Power curve is an intrinsic characteristic of every wind 
turbine. 
 Start up speed (not represented in the power curve) is the speed at which the rotor 
and blade assembly begins to rotate. However, the turbine is not producing electricity yet.  
 Cut-in speed is the minimum wind speed at which the wind turbine will generate 
usable power. This wind speed is typically between 3 and 5 m/s. 
 At very high wind speeds, typically between 30 and 40 m/s, most wind turbines 
cease power generation and shut down. The wind speed at which these occur is called the 
Graph 7 – Wind power curve. Source: Reference [29]. 
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cut-out speed. Having a cut-out speed is a safety feature which protects the wind turbine 
from damage. 
 At wind speeds between cut-in and rated, the power output from a wind turbine 
increases as the wind increases. When the wind speed reaches the levels above the 
nominal wind speed, the generated power cannot be increased further, because this would 
lead to overload the generator and damage the structure. Therefore, the aerodynamic 
efficiency of the rotor must be reduced, in order to limit the extracted power from the wind 
to the nominal power of the generating system. This corresponds to a reduction of the 
coefficient Cp, which in modern turbines is achieved by using hydraulic mechanisms or 
electric motors. 
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3. Towers for wind turbines 
 This chapter begins with presenting why towers are probably the most important part of a 
wind system and why the trend is to build higher towers. For this purpose, two approaches are 
made: 
• Towers are the most expensive part of an aero generator.  
• Nowadays, towers and their height are the limiting factors to achieve higher unity powers. 
 After that, an explanation and comparison of most common kinds of towers that can be 
found up to date has been done. 
 
3.1. Importance of the tower 
 Many people considering wind energy focus their attention on the turbine and, 
therefore, pay little attention to another essential component of a successful wind system, 
the tower. Focusing attention on the wind turbine is quite natural, since it is through the 
rotor that the wind energy is captured and converted into electricity. For these reasons, 
turbines are usually considered as the superstars of wind systems. However it is not just 
what is on top of the tower that counts. The tower itself plays a huge part in creating a 
successful wind energy wind. 
 The function of the tower is to carry the nacelle and the rotor. Since the first turbine 
was built, wind towers have always tent to be higher. The megawatt market really took off 
in 1998. Since then, it has been clear that the market trend is towards bigger projects with 
bigger wind turbines and towers. 
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 Several reasons explain this behaviour: 
• In order to get more electricity, greater rotor diameters, which require higher towers, 
are needed. 
• Increasing the height, more powerful and uniform wind profiles can be found. As 
shown in chapter 2, power available in the wind increases with the cube of the wind 
speed. 
• There are economies of scale in wind turbines, i.e. larger machines are usually able 
to deliver electricity at a lower cost than smaller machines. The reason is that the 
cost of foundations, road building, electrical grid connection, plus a number of 
components in the turbine (the electronic control system etc.), are somewhat 
independent of the size of the machine. 
• In areas where it is difficult to find sites for more than a single turbine, a large 
turbine with a tall tower uses the existing wind resource more efficiently. 
• Towers not only raise the turbine to a height where it can produce a lot of energy, 
they also withstands nature’s obstacles. Since a wind power system is designed to 
have a service life of several decades, tower has to be overheight in order to 
consider mature tree growth: trees that a turbine may barely clear today may be 
considerably taller in several years. 
Figure 7- Growth in size of commercial wind turbine designs. Source: Garrad 
Hassan 2008 (www.gl-garradhassan.com). 
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Figure 8 – Turbulence slows and degrades the wind resource. Source: Home Power Magazine (www.homepower.com). 
 
 As towers became higher, price increases. Thus, tower-cost portion of the overall 
wind turbine has been doubled during last decade and right now it is already the most 
expensive part. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 In large systems, the tower may account for almost a quarter part of total system 
cost. A part from the production cost, tower installation involves a significant investment in 
time, money and energy. 
 
 
Figure 9 - Cost of the different parts of a wind turbine. Source: European Wind Energy 
Association (www.ewea.org). 
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3.2. Types of towers  
The goal of the tower design is to achieve the desired tower height with the required 
stiffness at the lowest possible construction cost. 
 Materials available for the construction of the tower are steel or concrete. Designs 
range from lattice constructions to guyed or free-standing steel tubular towers up to 
massive concrete structures.  
 
 The technical requirements posed by the overall system can be met by almost any 
of the towers presented in figure 10. However, the economic optimization is only reached 
by matching the selected tower design to the requirements set.  
 Taking a look on the whole wind power market, the great majority of towers for large 
wind turbines are tubular-conical made of steel. Nevertheless, lattice truss towers of steel 
and prefabricated prestressed made of concrete can also be found. 
 
Figure 10 – All kind of wind towers. Source: Reference [1]. 
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Figure 11 - From left to right: Lattice tower, tubular prestressed concrete tower and tubular steel tower. 
 
 Each tower has its own advantage and disadvantage in the cost, efficiency, 
installation and maintenance. So it is difficult to say which one is the best tower for a wind 
turbine system.  
 
 Lattice towers 3.2.1.
 Lattice towers are made using connected steel beams and are relatively cheap to 
construct. They offer a cost advantage over conical towers since less steel is used in their 
construction. Usually, a lattice tower requires half the material as a freely standing conical 
tower of the same stiffness. Moreover, they require less volume in their foundation than 
tubular towers since they spread the structure’s loads over a wider area. As a 
consequence, tower plus foundation accounts for only 15% of all installation costs, while 
the same heading for the tubular tower extends up to 20-25% [1]. 
 Another important advantage to point out is that lattice tower allows the wind to flow 
through them offering less resistance to its flow. This fact also decreases shadow effect, 
which is one of the drawbacks that tubular towers have in wind farms.  
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 However, in spite of their lower cost, they are not used in large modern wind 
machines, particularly in the European Union. Lattice towers have a lower visual and 
aesthetic appeal than conical towers. Apart from these, lattice towers are much more 
difficult to assemble than tubular ones: the erection 
requires torqueing 400-500 bolts and a lay-down yard or 
staging area. Thus, complex terrain can complicate or even 
avoid the use of these towers because of the need to 
transport the sections from the assembly yard to the final 
site. 
 Although, maintenance costs of lattice towers are in 
general lower, the maintenance procedure is seen as 
another inconvenient, since they do not have any facility to 
help workers getting on the top. This is a big problem, 
above all in cold climates, where climbing a lattice tower can be a risky business. 
 To sum up, since the role of this tower is far away from being significant and it is not 
expected to improve in the next future, a deeper analysis will not be performed along this 
paper.  
 
 Tubular steel towers 3.2.2.
 Nowadays, most of the large wind turbines are delivered with tubular steel towers, 
the main reason being the short on-site assembly and erection time. The optimum tower 
height is a function of the tower price, local variations of wind speed with height and 
energy costs.  
 
 The importance of steel 3.2.2.1.
 Apart from the fast building procedure, tubular steel towers are the preferred type 
for commercial wind turbine installations because of the very low steel prices of the last 
twenty years. Steel plays a vital role in wind power generation. About 85% of the wind 
turbines around the world are installed on conical steel structures [2]. In addition, steel 
represents on average more than 80% of all materials used to construct a wind turbine. 
Figure 12 – Maintenance operation.  
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 Steel’s contribution to the development of wind energy is significant because right 
now steel is by far the most prevalent material used in turbine tower construction. Steel 
offers considerable advantages for the construction of wind turbine towers due to its 
strength and durability. Moreover, environmental impacts are minimised as steel can be 
infinitely recycled.  
 
 Manufacturing process 3.2.2.2.
 The great majority of towers are manufactured in three steel sections with a length 
compressed between 20 and 40 metres, depending on the 
height required for the tower. Every section has flanges at 
either end, and they are bolted together on the site so that no 
on site welding is required. The most common connection 
between towers segments is the bolted L-flange connection 
where pairs of heavy steel flanges are welded on the inside of 
the tubes by the manufacturer and bolted together with 
pretensioned high strength bolts on side. The towers are 
conical, with their diameter increasing towards the base, in 
order to improve their strength and to save materials at the 
same time [3]. 
Figure 13 – Source: Adaptation from 
HISTWIN Report [4]. 
Graph 8 - Wind turbine raw materials, percent by weight, including rotor, nacelle and tower; excluding 
foundations. Source: United States International Trade Commission (www.usitc.gov). 
Sustainability assessment of towers for wind turbines 
 
 38 
 Weather the rings or the flanges, both manufacturing process take steel plates as 
the starting point. These coils are bought in a heavy steel industry and transported usually 
by vessel to the manufacturer. The following picture shows the normal procedure to obtain 
hot rolled steel from the raw materials. 
 
 
Figure 14 – Source: www.posco.com. 
 
 Obtainment of tower sections [5]: 
 Once the wind tower manufacturer has the steel coils, the plated sheets are 
obtained by laser or flame cutting. Then, the sheets are inserted in a machine with three 
large rollers that shape the rings.  
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 The rings are submerged arc-welded, forming sections of different lengths. 
 
 Depending on the model and the required height (between 14 and 39 meters), each 
section may be made up of between 4 and 12 rings. 
 
 After that, the structure is placed inside the painting and drying tunnel. Where it is 
given a surface treatment. When the tower is dry, all the service elements (such as 
platforms and ladders) are mounted on it. 
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 Obtainment of tower flanges 
 The methodology used to manufacture these parts is showed in figure 15: 
 
 Transport 3.2.2.3.
 Onshore turbine installations tend to be in hilly or mountainous regions. This is done 
to exploit the topographic acceleration as the wind accelerates over a ridge. The additional 
wind speeds gained in this way can increase energy produced because more wind goes 
through the turbines. 
Figure 15 – Source: Adaptation from 
www.barranquesa.com. 
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 Consequently, in order to reach the difficult locations where sometimes wind towers 
are situated, truck is the most common media of transport to carry the sections, either from 
the vessel and railway or the factory where they are produced. 
 
 Truck transportation constrains impose limits on the diameter and length of the 
elements. For this reason, all the sections must have a length lower than 40 metres with a 
diameter lower than 4.5 - 5 meters at the same time, depending on the country. As for the 
plate thickness, using the procedure previously described, plates with a thickness up to 90 
mm can be produced1. However, plates thicker than 50 mm entails great difficulty and 
increases significantly the cost as shaping the steel sheets requires special machines not 
always available in normal structural steel works. 
 
 Prestressed concrete tower 3.2.3.
 Concrete versus steel 3.2.3.1.
 Concrete is generally the most common and competitive material for all types of 
high-rise structures. The wind energy sector, in which tower construction has been 
practically monopolized by tubular steel towers, is therefore an exception. Two main 
reasons help explain this singularity: 
                                            
1 Provided data by Ruukki found in reference [6]. Constrains relative to manufacturer.  
Figure 16 – Difficulties in transporting the sections. 
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• The critical need for fast erection of towers. 
• High optimisation level of steel tower design and logistics. 
 However, the erection speed and cost of conventional tubular steel towers are very 
dependant, as mentioned before, on the inland transportation of complete tubes to the site 
and the location of the tower. Consequently, the maximum tower diameter is limited to 
barely 4.5m (depending on the country) which means that normal steel towers cannot 
keep up with the global market trend towards higher and larger wind turbines. 
 Although nowadays-tubular steel towers higher than 100m can already be found, it 
is believed that the limit has been reached. For this reason, main manufacturers are 
looking for new feasible towers in order to achieve greater heights. 
 In such situation, prestressed concrete wind towers are expected be the next level 
in terms of hub height and future multimegawatt turbines. 
Despite the use of concrete in the wind energy sector has 
so far been predominantly in foundation applications, 
concrete wind tower solutions are already cost competitive 
with alternative and existing design options. On the one 
hand, for typical wind tower heights of 60-80m constructed 
to date, it is difficult to achieve designs where the lower 
specific cost of concrete as a material offsets the required 
increase in material quantity and weight. But on the other 
hand, as construction of next-generation wind farms with 
towers beyond 100m high comes into closer focus, a 
number of factors make concrete an attractive design 
option for delivering large diameter pylons at acceptable 
cost [7] – [8]. 
  
Figure 17 – Source: www.consolis.com. 
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 Assembling procedure 3.2.3.2.
 Nowadays, two different methods existing to build a concrete wind tower: using 
precast concrete units or by producing the concrete on site. In both cases, the concrete is 
prestressed in order to provide an optimal level of stiffness. Prestressing consists on place 
the concrete under controlled compressions using tendons (tensioned steel cables 
enclosed in ducts) to improve stiffness and load carrying capacity. Tendons can be 
incorporated into both precast concrete units and in-situ concrete. 
 
 Site-mixed concrete 
 In the research for better wind, turbines in mountainous and difficult locations are 
increasing daily. In this sense, in-situ concrete construction is ideal for overcoming limited 
site access where delivery of large structural elements is 
difficult. Moreover, foundations for wind towers are generally 
constructed using in-situ concrete. Consequently, the 
continuation of in situ concrete pylon would simply be a 
continuation of the existing building procedure.  
 The most established formwork solution for using 
concrete produced on site is slip forming. Based on 
extrusion principles, this technique uses hydraulic jacks that 
elevate the workspace over the complete structure height. 
As a result of these, slip forming removes the need of using 
large cranes to erect the tower. However, since the lower 
parts must always have set before a new stage can be 
Figure 18 – Prestressed tendons in concrete. Source: Reference [7]. 
Figure 19 – Slip forming method. 
Source: Reference [7]. 
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placed on top, the construction time is very long. Besides, the setting of the concrete is 
dependent on temperature, which is why it is not possible to work in severe frost 
conditions.  
 This type of construction also requires a corresponding building infrastructure with 
regard to the production or delivery of the concrete. Depending on the volume required, 
concrete is either produced in an existing concrete factory or in a mobile plant erected for 
the purpose. For this reason, the method is normally not economic for one or only a few 
turbines. Site-mixed construction can only be an economical alternative for a wind park 
with a large number of turbines.  
 
 Precast concrete 
 This method is probably the most used way to erect a concrete wind tower because 
it avoids the major disadvantage of the long building time. The tower shaft is split into 
different sections for the purpose of production and erection. As tubular steel towers, every 
section is composed of several rings. Precast units, which are produced in factory, can 
comprise diverse segments to complete a ring or, depending on the ring section diameter 
and weight, can conform a whole ring. In this way, the size of the precast units can be 
adapted to the lifting and transporting available capacity.  
Figure 20 – Precast concrete segments. Source: Reference [9]. 
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 The segments of approximately 3.5m length are produced with conventional 
formwork in the plant [6]. Then, they are placed on top of one another on site and joined 
with a resin mixture. The individual segments are provided with empty tubes distributed 
over their circumference into which tendons are inserted during the construction. 
Prestressing provides a straightforward and positive means of unifying the separate rings 
of a precast concrete solution so that they act as a monolithic tower structure. 
 
Figure 21 - Source: Adaptation from The Concrete Centre (www.concretecentre.com). 
 
 Description of the tower 3.2.3.3.
 Usually, concrete towers are split into three parts. The following table names the 
different parts as well as the type of concrete construction that is considered to be most 
appropriate for each zone. 
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 As there are no two equal wind towers, extend of the zones is not fixed. Wall 
thickness and concrete strength of the rings may vary between 
different zones in order to achieve an optimum balance of cost.  
 Concrete towers characterizes for heaving greater 
diameters than those made of steel. In the base zone, diameters 
up to 13m with a wall thickness varying from 350-700mm can be 
found [9].  
 Weight minimisation of the middle zone upwards is the 
key to achieving a cost-competitive solution for a full-height 
concrete tower. Direct variables affecting the weight of the tower 
are effective concrete density and wall thickness. In the middle 
zone upwards, the minimum wall thickness is not determined by 
necessary strength and stiffness but by the minimum necessary 
concrete to cover the reinforcement. 
 In the upper zone, weight minimisation can be even more relevant. Having into 
account that the top of the tower has to support the turbine nacelle, minimum wall 
thickness has been set at 100mm [8]. 
 
 Tubular hybrid tower [9] 3.2.4.
 In an atmosphere of uncertainty about which wind tower will be the most optimum to 
reach heights beyond 100m, a new tower concept hybrid of steel and concrete is gaining 
terrain every day. Examples of such design can already be found, like Grevenbroich wind 
tower (Germany), which with a hybrid tower of 133m is the tallest tubular tower in Europe. 
Table 1 – Source: The Concrete Centre (www.concretecentre.com). 
Figure 22 – Concrete wind tower 
parts. Source: Reference [7]. 
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 The hybrid tower combines the advantages of high-quality precast concrete, which 
can be for the lower half of the tower and the 
advantages of shop-fabricated tubular steel for 
the upper half. The concrete part, with a base 
diameter larger than the 4.5m road transport, is 
mounted directly on the base at the location and 
then prestressed over the entire height using 
tendons. Concrete and steel parts are jointed 
together by means of an adaptor ring. The steel 
part, depending on its height, may also be 
divided into several sections as usual in order to 
facilitate a modular erection. 
 The main advantage of this tower is the 
possibility to achieve great hub heights without 
introducing any dimensional limitation because of 
transport. In other words, this means that the 
additional funds spent on the connection of both 
parts may be recovered by avoiding the use of 
special transport. 
Figure 23 – Grevenbroich hybrid wind tower 
(Germany). 
Source: www.renewableeenergyworld.com. 
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4. Applied loads to a wind tower 
 This chapter has the aim of presenting the different kinds of loads that a real wind tower 
may experience and which verifications should be checked.  
 In a real wind turbine design, producers commonly provide load tables. However, since 
turbines considered in this paper do not have any particular location nor there is a producer 
providing data, an explanation of the most typical methods used to model wind behavior is given. 
Nevertheless, as these procedures are far away from being trivial, some simplifications of load 
hypothesis have been done. 
 
4.1. Loads cases and applied loads 
 A prime purpose in wind turbine design is to verify that the structure will be able to 
withstand all loads that it is likely to experience with a sufficient safety margin. Since load 
measurements cannot be made until the turbine has been designed and constructed, it is 
recommended to apply an additional partial safety factor γM to avoid a major redesign in 
case of an increasing of loads. According to EN 1993-1-1 [11]: γM  =  γm  ·  γc  
 Where: 
  γm = partial safety factor taking account of the uncertainties due to material 
   properties. 
  γc =  partial safety factor taking account of the uncertainties related with 
   the capacity of the structure. 
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 The structural design of a wind tower must be considered under three different 
requirements [1]. 
 First of all, the design must assure that the tower will be able to resist the extreme 
loads encountered, also called ultimate loads. This means that the design must be enough 
to withstand the highest wind speeds which may occur.  
 The second aspect is that the fatigue life of the tower must be guaranteed for its 20 
to 30 years of service life. 
 The third requirement takes into account the stiffness of the overall structure, 
including the tower. The changing behavior of wind can introduce vibrations and critical 
deflections to the turbine which may be transmitted to the rest of the structure. A 
successful design must keep this problem under control by matching carefully the stiffness 
parameters of all components. 
 As part of the design process, a wind turbine must be analyzed for the various loads 
it will experience during its entry life. On the basis of these, load cases which contain the 
conditions for the causes of the load situation such as wind speed or other operational 
parameters, are defined. 
 The load cases must cover realistic combinations of external wind conditions and 
machine states. The definition of them always involves a certain idealization and 
simplification of the real situation. For this reason, the definition must be extensive enough 
so that the load cases determining the dimensioning can be reliably considered. Closely 
linked to this problem is the question to until what extent several simultaneous load cases 
should be considered. 
 Roughly speaking, at least two load cases may be distinguished: 
• Normal operation. 
• Technical faults. 
 
 Normal operation 
As it is said in its name, this load case covers the functioning of the wind turbine 
when no special phenomenon or any other unusual happening is taking place. Thus, it 
considers the following events: 
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- Power production. 
- Start-up and shut-down of the rotor. 
- Parked rotor at extreme wind speeds. 
 The loads to which the wind turbine is subjected under normal operating conditions 
are mainly relevant to fatigue life. 
 The extreme loads mainly occur during normal operation but with extreme external 
conditions (extreme wind speeds which stop the rotor). 
 
 Technical faults 
 It can be assumed that most technical defects lead to an emergency stop of the 
rotor via a safety system, so that these types of defects do not result in any extraordinary 
loads. Technical faults and defects can subject the wind turbine to additional loads not 
covered by the other load cases. These events must be recognized and included in the 
definition of load cases. 
 
4.2. Ultimate Limit State 
 Calculating the limit loads for the design is a matter of identifying one-time or 
infrequent load situations that may damage the structure. The ultimate load and stress 
calculation includes two types of analyses which respect to: 
• Breaking strength. 
• Structural stability. 
 
 Obtaining load procedure 4.2.1.
 When placing a wind tower, a wide range of information about local wind profiles is 
available. Usually, in order to cover seasonal variations, wind data capture procedure 
takes longer than one year and it is performed where the wind turbine is going to be 
placed. Collected data is showed as wind roses (figure 24-a) and histograms of provability 
(figure 24-b). 
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 Figure 24-a is a wind rose that shows how much time, in terms of percentage, wind 
was blowing in a particular direction. Figure 24-b is a histogram that shows how much time 
wind was blowing at a particular speed [12]. 
 Project designers use wind field data as the starting point for the aeroelastic load 
calculations. Aeroelasticity is a discipline for the transformation of the wind flow field to 
loads on the wind turbine structure. Two commonly applied methods for structural 
modeling of wind turbines are the finite element method (FEM) and the modal analysis 
method.  
 Since aeroelastic methods are implemented in computer codes that require the 
support of information about tested turbine prototypes, the obtaining procedure of external 
loads is not treated in this paper as it escapes from the scope of this project. 
 In contrast, a horizontal concentered design load Fw applied on the top of the tower 
has been considered to cover the most unfavorable wind solicitations and the dynamic 
effects from the wind and the rotor. Although simulating the wind effect requires somewhat 
more sophisticated, going through a more detailed approach far exceeds the limits of what 
it make sense in this project. The value of Fw given in the figure below has been estimated 
looking through a real wind turbine design: HISTWIN Report [4]. 
 As far as the turbine is concerned, its weight has been modeled with a vertical 
concentered force Wturbine.  
 
Figure 24 - Wind velocity and direction at height of 45 m in Galicia (Spain). Source: Wind Agency of Galicia. 
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 Breaking strength  4.2.2.
 It has to be verified that none of the cross sections of the tower will experience 
plastic deformation. In other words, it means that the applied stress as a consequence of 
the external loads cannot exceed yield strength of the material. Usually this requirement is 
not given plenty of attention since instability phenomena tend to occur earlier and thus are 
governing the design.  
 
 Structural stability 4.2.3.
 As pointed before, strength of compression members, above all in steel structures, 
is limited by instability, which can be either local or global buckling. 
  
Figure 25 – Fatigue loads acting on the tower. 
𝐹!.! = 1,000  𝑘𝑁 𝐹!.! = 𝛾! · 𝐹!.! = 1,350  𝑘𝑁 
 𝑊!.! = 800  𝑘𝑁 𝑊!.! = 𝛾! ·𝑊!.! = 1,080  𝑘𝑁 
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 Local buckling 4.2.3.1.
 Local buckling occurs when the side of the plate under compression slightly deflects 
and buckles over a short distance. The majority effect of this phenomenon is to reduce the 
member stiffness against overall bending. It should be remembered that local buckling 
does not always spell disaster since it does not adversely affect the performance of the 
member as a whole. It has been demonstrated that a reserve of strength exists in plates 
beyond the point of elastic plate buckling (post buckling behaviour) and sometimes the 
utilization of this additional capacity may be the 
objective of the design as the reduction in the 
capacity of the section and its consequences are 
clearly understood according to plastic theory. 
Nevertheless, plastic design is not the case of 
wind towers and since local buckling may take 
place before overall failure by global buckling or 
yielding, it is desirable to avoid it.	  
 Local buckling is clearly favored by using 
thin elements. Thus, local buckling imposes a limit 
to the extent to which sections can be made thin-walled. Although the rigorous treatment 
of plate buckling is mathematically complex, it is possible to design safely with no direct 
consideration of the subject by using standard hot-rolled sections, which have been 
designed to avoid local buckling effects. Unfortunately, greater care is strictly necessary 
when treating with fabricated sections for which the proportions are under the direct control 
of the designer, such the case of wind towers.  
 This phenomenon is treated in the European normative [11] by classifying cross 
sections so as to identify the extent to which the resistance and rotation capacity of the 
cross section is limited by its local buckling resistance.  
Graph 9 – Indicative stress-strain graphic showing 
buckling strength. Source: Reference [30]. 
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 Despite the conical shape of a wind tower, most of its cross sections clearly belong 
to class 4. Thus, recommendations from EN 1993-1-6 [13], which correspond to the shell 
theory, have been used. With this approach, a reduction factor χ of limit strength is defined 
to cover all the instabilities because of buckling phenomena.  
 
 Global buckling 4.2.3.2.
 In the same way of local buckling, this instability also takes place when a slender 
element i.e. a wind tower, is subjected to a compressive load. There is always some 
eccentricity in the applied loading of a member due to initial imperfections in the section or 
in its boundary conditions. When a compressive load is increased, eccentricity sets up 
bending in the member causing it to deflect. In turn, the deflection increases the 
eccentricity, which increases the bending. This may progress to where the bending 
increases at a greater rate than the compressive loading and the member becomes 
unstable. It happens when a small increment of the compressive load lead to large 
displacements in the normal plane of the force. 
 The main difference with local buckling is, as its name indicates, that it affects the 
whole structure and most of the times end up with a sudden failure occurring way before 
normal stress reaches the strength of the material. Consequently, it has to be studied 
carefully since global buckling is usually the governing criteria when dimensioning a wind 
tower. As pointed before, this problem has also been treated following EN 1993-1-6 [13]. 
Table 2 – Classification of the cross sections according to EN 1993-1-1 [11]. 
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4.3. Fatigue limit state 
 Introduction 4.3.1.
 The FLS design is carried out to ensure that the structure has an adequate fatigue 
life. Although this issue can affect both materials, concrete and steel, fatigue problems are 
mainly related with the last one. Hence, the approach given hereby only has to do with 
steel. In any case, methodologies to check fatigue do not differ very much. 
 Fatigue occurs when a material is subjected to repeated loading and unloading and 
consist of the apparition of microscopic cracks that, if fluctuant loads keep going, 
eventually will reach a critical size that will produce a sudden fracture of the structure, 
even if the loads are well below the ultimate strength. Under the action of repeated 
loading, fatigue cracks may be initiated in the stress concentration areas of the structure or 
may also be already formed because of the fabrication procedures applied. Mainly, fatigue 
depends on three factors: 
• Stress ranges experienced during the load cycles. 
• Local stress concentration characteristics. 
• Number of stress range cycles. 
 Contrary to what one might think, it has been proved that the loading frequency has, 
up to approximately 100Hz, no influence on the fatigue behavior of steel structures [14].  
Figure 26 - Wind tower collapse because of buckling. 
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 Wind turbines are subject to fluctuating winds, and hence fluctuating forces, above 
all since they are located in very turbulent wind climates. As a consequence, fatigue 
loading is crucial for the tower design because of the large number of cycling repetitive 
loads that result from its routine operation during the whole service life, which is expected 
to be at least of 20 year. 
  
 In general, there are different strategies that can be adopted to deal with fatigue 
reliability. In common design rules, fatigue strength curves (SN-curves) based on fatigue 
tests provide a basis for the fatigue assessment. These parts of the structure more likely to 
suffer from fatigue (i.e. connections, welds, changes of geometry, and so on) are referred 
as “details to be checked” by the structural literature. Since there are many different 
details, so is the number of the different strength curves, and this is unusable for design in 
practice. The solution is the classification of the different structural details in categories 
with a corresponding set of fatigue strength curves. 
 
 
 
 
 
 
 
 
 
Graph 10 – Simulated time series of bending stress in the main shaft at 12 m/s. Source: Reference [15]. 
Figure 27 – S-N curves given in Eurocode 3 part 1-9. Reference [16]. 
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 In European Standards, EN 1993-1-9 [16] is treating fatigue design and is limiting 
the S-N curves into 14 different categories. Each detail category corresponds to one S-N 
curve where the fatigue strength ΔσR is a function of the number of cycles, N, both 
represented in logarithmic scale.  
 All curves composing the set are parallel and each curve is characterized, by 
convention, by the detail category ΔσC (value of the fatigue strength at 2 million cycles 
expressed in MPa). It is also characterized by the constant amplitude fatigue limit ΔσD at 5 
million cycles, which represents about 74% of ΔσC. For constant amplitude, stress ranges 
equal to or below ΔσD, the fatigue life is infinite. The last value ΔσL is the cut-off limit, which 
corresponds to about 40% of ΔσC. By definition, all cycles with stress ranges equal to or 
below ΔσL can be neglected when performing a damage sum [14]. 
 Since a fatigue curves are based on representative experimental investigations, 
they include the effects of: 
• Stress concentrations due to the detail geometry. 
• Local stress concentrations due to the size and shape of weld imperfections. 
• Stress direction. 
• Residual stresses. 
• Metallurgical conditions. 
• Welding and post-welding procedures. 
 
 Variable amplitude and cycle counting 4.3.2.
 S-N curves used to determine the fatigue strength were determined with tests under 
constant amplitude loadings (constant Δσ stress ranges) only. However, real wind loading 
data on the tower consists of several different stress ranges Δσi (variable amplitude 
loading history, graph 10). 
 Load spectra cannot be known with certainty, but can be predicted from a limited 
time series of load response. Several methods already exist for this purpose, while the 
rain-flow method is believed to obtain the most reasonable results. When using this 
method, the stress history is first converted into a series of peaks and thoughts, as shown 
in figure 28 (a). Then, the time axis is oriented vertically with the positive direction 
downward figure 28 (b). 
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 The time series is viewed as a sequence of roofs with rain falling on them. The rain-
flow paths are defined according to the following rules: 
• A rain flow is started at each peak and trough. 
• When a rain-flow path started at a trough comes to the tip of the roof, the flow stops 
if the opposite trough is more negative than that at the start of the path under 
consideration (in figure 28(b), path [1-8]). 
• A path started at a peak is stopped by a peak which is more positive than that at the 
start of the rain path (in figure 28(b), path [2-3]).  
• If the rain flowing down a roof intercepts flow from a previous path, the present path 
is stopped (in figure 28(b), path [3-3a], path [5-5a], etc.). 
• A new path is not started until the path under consideration is stopped. 
 Half-cycles of trough-originated stress range magnitudes σi are projected distances 
on the stress axis (e.g. [1-8], [3-3a], [5-5a], etc.). In order to facilitate the calculation, real 
spectrum is simplified using a reasonable number of stress ranges, as seen in figure 29. 
 
 
 
 
 
Figure 28 – Rain flow counting method. Source: Reference [15]. 
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 Verification 4.3.3.
 Verification using damage accumulation 4.3.3.1.
 When a structure is subjected to several stress ranges, to ensure that a structure 
will not fail because of crack-growth with a given degree of certainty, S-N curves are used 
in conjunction with Palmgren-Miner’s rule. This rule considers that the total damage that 
the structure will experience during its entry design life may be expressed as the 
cumulative damage from each load cycle at different stress levels, independent of the 
sequence in which the stress cycles occur. 
 
 Where: 
  ni =  number of cycles that lasts the stress range i.  
  Ni =  number of cycles that will produce a failure by fatigue at the stress  
  range i. 
  i =  number of stress ranges considered in the simplified histogram of  
  stress ranges. 
 
Figure 29 Histogram of cyclic stress range.  
Source: Instituto Técnico Estructura Acero (ITEA). Reference [30]. 
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 Verification using the fatigue limit 4.3.3.2.
 Due to the large number of load cycles that a wind tower is likely to experience 
during its service life (n = 8·108 cycles [14]), the only possible verification to satisfy fatigue 
design is to do it with the fatigue limit. In other words, this means that one will require 
stress ranges to stay sufficiently low to have infinite life for all the wind tower details.  
 
Where: 
  max (ΔσEd,i) = Maximum value of the stress range from the design stress  
      range spectrum ΔσEd,i = γFf Δσi. 
  ΔσD =  Fatigue strength taken as the constant amplitude fatigue limit of the 
   considered construction details (ΔσD = 0.74·Δσc). 
  γMf =  Partial factor for fatigue strength. 
 
 Fatigue loads 4.3.3.3.
 Going through the details of methodology to obtaining fatigue loads acting on the 
tower, entails a great difficulty which escapes from the scope of this master thesis. 
Moreover, in order to perform a full analysis, wind field information would be necessary 
which is not possible since the tower has a factious location. 
 As well as it has been done with the ultimate loads, fatigue effects have been 
covered considering HISTWIN loads [4]. Therefore a horizontal load applied on the top of 
the tower (figure 30) with a characteristic value based on the fatigue assessment in 
HISTWIN has been considered.  
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4.4. Required stiffness 
 Although it is not in the scope of this study, it is important to point out that once the 
overall wind system has been designed, an analysis of the vibration behavior would be 
strictly necessary to avoid resonance problems.  
 Modern wind turbines have slender elements, above all the blades and the tower. 
They are, therefore, structures which are extremely prone to vibrate dangerously. It is 
extremely important to calculate in advance how the different components will vibrate, both 
individually, and jointly. This is the subject of structural dynamics, where physicists have 
developed mathematical computer models that analyze the behavior of an entire wind 
turbine. 
 This vibrational analysis has the aim of verifying the dynamic stability and the 
absence of resonances within the permissible operating range. Unstable speed ranges, for 
example with regard to a bending vibration of the tower, must be avoided. For this reason, 
it has to be verified that the first natural frequency of the tower dos not coincide with the 
Figure 30 – Equivalent fatigue load acting on the tower, only one direction. 
𝐹! = 1,000  𝑘𝑁 𝑘 = 0.2 𝐹!.! = 𝑘 · 𝐹! = 200  𝑘𝑁 𝐹!.! =   𝛾! · 𝐹!.! = 200  𝑘𝑁 
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rotor and blade-passing frequencies. If it is confirmed that the tower frequency is kept 
outside ranges ±10% of the rotor and blade-passing frequency, then there will not be any 
problem due to load amplification arising from vibrations near the natural frequency [15]. 
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5. Wind tower design 
 This chapter shows the design of the different towers according tp the loads and 
verifications set in chapter 4. Although the complete analysis referred to European Standards is in 
the appendix at the end of this document, a brief description with the final results of every design is 
given. 
 The final purpose of the chapter is to show and compare the dimensions coming from every 
design in order to identify the requirement that governs the final geometry, usually known as the 
driving design. 
 
5.1. Common hypothesis 
 For the purpose of carrying out an accurate comparison of the two proposed kinds 
of towers, both will be designed with the same constrains, which are exposed hereby: 
 
 Constrains 
• Height of the tower h = 100m. 
• Minimum outer diameter on the top of the tower to accommodate the nacelle φ = 
3m.  
 
 Verifications 
• Ultimate limit state (ULS):  
- Fw = 1,000 kN 
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- Wturbine = 80 tonne 
• Fatigue limit state (FLS): 
- Ff = 0,2 · Fw = 200 kN 
 
 Methodology 
 In order to calculate cross section loads in the tower, wind tower can be viewed as a 
cantilever beam as shown in figure 31 (a) [16]. 
 
 However, because of the fact that wind tower has a variable section, the continuous 
increment of area towards the base has been discretized to five cylinders of 20m each, 
with constant thickness and diameter figure 31 (b). Cross sections loads have been 
calculated using the defined variable h, as shown in figure 31.  
 It should be noted that geometry adopted in figure 31(b) is only to approximate the 
real continuous truncated conical geometry showed in figure 31 (a) and has nothing to do 
with the sections in which the steel tower is divided. 
 Flow chart below illustrates the methodology followed for both towers. 
Figure 31 – Cantilever beam model of a tubular tower.  
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5.2. Tubular steel tower 
 Basic assumptions 5.2.1.
 Material 
 This tower has been designed using steel S 355 N/NL. The structural characteristics 
of this material, supposing a hot rolled production with a thickness t ≤ 40mm, are given 
below (EN 1993-1-1 Table 3.1). 
- fy =  355 MPa (yield strength) 
- fu =  490 MPa (ultimate strength) 
- E = 2.1·105 MPa (Young modulus) 
- ν =  0.3 (Poisson coefficient) 
- ρ =  7,850 kg/m3 (unitary weight) 
 
 Geometric constrains 
A part from the basic hypothesis under which the three towers have been designed, 
steel imposes some additional constrains. 
• Because of transport: 
- Outer diameter cannot exceed 5m. 
- Tower sections cannot be longer than 40m. 
• Because of manufacturing procedure: 
- Thickness of the plate cannot be greater than 50mm. 
 
 Ultimate limit state 5.2.2.
 As pointed in the previous chapter, due to the slenderness of the steel tower, 
instabilities because of buckling have to be considered. Since the tower has a circular 
hollow section, theory of shell has been used.  
 The recommendation given in EN 1993-1-6 [13] consists of checking the breaking 
strength of the section on a static structure while decreasing the yield strength of the 
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material with a reduction factor χ to assume buckling instabilities. Thus, in every cross 
section it has to be verified that: 
 
Where: 
  σEd =  Design value of the compression stress.  
  fy =  Yield strength of the steel. 
  γM = Partial safety factor. 
  χ =  Reduction coefficient because of buckling. 
  σb,Rd = Design buckling strength of the steel. 
  
The following tables summarize the results of the verification presented previously 
(table 3) as well as the required plate thickness and outer diameter to withstand the load 
hypothesis considered (table 4). 
 
Cylinder	  #	   h	  [m]	   χ [-]	   σb,Rd [MPa]	   σEd [MPa]	  	   σb,Rd	  	  >	  σEd	  
1 20 0.662 234.87  221.73 OK  
2 40 0.751 266.52  260.07 OK 
3 60 0.790 280.40 261.75 OK 
4 80 0.787 279.29  268.03 OK 
3 100 0.790 284.943  265.30 OK 
Table 3 – ULS verification. 
 
Cylinder # h [m] t [mm] ∅outer [m]  
1 20 15 3.30 
2 40 22 3.55 
3 60 28 3.85 
4 80 30 4.25 
5 100 34 4.50 
Table 4 – Geometry size of the tower according to ULS. 
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The complete Ultimate Limit State design can be found in appendix A - Ultimate 
Limit State design for the tubular steel tower.  
 
 Fatigue limit state 5.2.3.
Among the different methods available in European Standards and specific 
literature to verify the fatigue strength, verification using the fatigue limit has been chosen. 
Damage accumulation has not been considered since wind effect has been assumed with 
only one constant load changing its direction. Thus, as the stress range caused by the 
fatigue load is always causing the same stress range, cycle counting methods such as 
rain-flow have been neglected.  
In contrast, fatigue has been checked as recommended in EN 1993-1-9 [16] by the 
general relationship below: 
 
Where: 
  ΔσE = Stress range from the action effects. 
  ΔσD =  Fatigue strength taken as the constant amplitude fatigue limit of the 
   considered construction details (ΔσD = 0.74·Δσc). 
Figure 32 – Detail of the cross-section geometry. 
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  γFf =  Partial factor on action affects. 
  γMf =  Partial factor for fatigue strength. 
 
The application of this verification is valid for all kinds of details subjected to fatigue 
actions and is the most suitable when [14]: 
- If service life is not yet exactly known. 
- If the number of cycles during the service life is very hight, typically over 100 
million. 
- If the shape of the histogram of stress ranges is not known. 
 
When using the approach given in chapter 4.3.3.3 to treat fatigue, the stress range 
may be obtained calculating the action caused by the wind at every section through the 
bending moment. Since the fatigue load considered is always the same, the stress range 
remains constant. However, it should be noted that wind may blow in any direction and 
therefore, this stress range only corresponds to one half, denoted in figure 32 as σa. The 
whole range Δσ has to be calculated assuming that wind may blow in one particular 
direction and through its opposite. 
 
A real tubular steel tower may have a lot of details likely to suffer from fatigue. 
Theoretically, connecting welds (transversal and longitudinal) and dimension changes 
(variable thickness) affect the strength in a negative way [32]. The following picture shows 
the details that may be checked against fatigue. 
Figure 33 – Stress range produced by the fatigue load. Source: 
Reference [30].  
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Figure 34 – Detail of the welds in two tower sections. Source: Reference [32]. 
 
 Transverse weld 5.2.3.1.
 Plate to plate connection 
Since the plates from previous figure come from the design of a real wind tower, 
they have a standardized length of 2.4m. As figure 35 shows, the conical shape of the 
tower has been discretized to five cylinders with constant diameter and thickness. Thus, 
for practical purposes it can be assumed that the tower only consists of five plates with a 
length of 20m each.  
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Then, transversal welds connecting two plates of different thickness have been 
checked according to the relationship presented before in 5.2.3: 
 
Table 5 and 6 show the results of the fatigue verification and the required cross 
section, respectively. The full analyses can be seen in annex B1 – Fatigue limit state 
design for the tubular steel tower: plate to plate connection. 
 
	   	  
VERIFICATION	  
Cylinder	  #	   h	  [m]	   γFf	  ·∙	  ΔσE	  [MPa]	  	   ΔσD	  /γMf	  [MPa]	   γ Ff·∙ΔσE	  <	  	  ΔσD	  /γMf	  
1	   	  20	   	  33.83	   45.41	  	   OK	  
2	   	  40	   	  45.59	   47.10	   	  OK	  
3	   	  60	   	  47.67	   52.55	   	  OK	  
4	   	  80	   	  47.80	   49.02	   	  OK	  
Table 5 – FLS (plate to plate connection) verification. 
Figure 35 – Tubular steel tower formed by 5 plates. 
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Cylinder # h [m] t [mm] ∅outer [m]  
1 20 14 3.3 
2 40 18 3.55 
3 60 22 3.85 
4 80 24 4.25 
5 100 28 4.5 
Table 6 – Geometry size of the tower according to FLS (plate to plate connection). 
 
Concerning flanges connections, it has been assumed that the tower was divided in 
three sections. The join between tower and nacelle has been neglected. Figure 36 shows 
where the flanges are located and therefore, in which cylinder they belong to. 
 
Table 7 and 8 show the results of the fatigue verification and the required cross 
section, respectively. The full analyses can be seen in annex B2 – Fatigue limit state 
design for the tubular steel tower: flange connection. 
 
 
 
Figure 36 – Tubular steel tower divided in three sections. 
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VERIFICATION	  
Cylinder	  #	   h	  [m]	   γFf	  ·∙	  ΔσE	  [MPa]	  	   ΔσD	  /γMf	  [MPa]	   γ Ff·∙ΔσE	  <	  	  ΔσD	  /γMf	  
2	   30	   36.40	   52.313	   OK	  
4	   65	   46.47	   52.313	   	  OK	  
5	   100	   45.76	   52.313	   	  OK	  
Table 7 - UFS (flange connection) verification. 
 
Cylinder # h [m] t [mm] ∅outer [m]  
2 30 16 3.55 
4 65 20 4.25 
5 100 28 4.5 
Table 8 – Geometry size of the tower according to UFS (flange connection). 
 
 Longitudinal weld 5.2.3.2.
 The only type of longitudinal weld, which can be found in a tubular steel tower, 
corresponds to the connection used to roll the plate and form a steel ring. This kind of join 
is governed by shear stress, which do not tend to cause fatigue problems [14]. For this 
reason, this detail has been neglected. 
 
 In the following tables the required cross-sectional dimensions resulting from the 
analyses performed are shown. Colored cells show the governing design.  
 
	   	   Ultimate	  Limit	  State	   Ultimate	  Fatigue	  State	  
	   	   Strength	  and	  stability	   Plate	  to	  plate	  connection	   Flange	  connection	  
	   	  
Cylinder	  #	   h	  [m]	   ∅outer	  [m]	   t	  [mm]	   ∅outer	  [m]	   t	  [mm]	   ∅outer	  [m]	   t	  [mm]	  
1	   20	   3.30	  	   15	   3.30	  	   14	   3.30	  	   -­‐	  
2	   40	   3.55	   22	   3.55	   18	   3.55	   16	  
3	   60	   3.85	   28	   3.85	   22	   3.85	   -­‐	  
4	   80	   4.25	   30	   4.25	   24	   4.25	   20	  
5	   100	   4.50	   34	   4.50	   28	   4.50	   28	  
Table 9 – Dimensions obtained from the performed analyses. 
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  Therefore, the dimensions of the tower are: 
Cross	  sectional	  dimensions	  
Cylinder	  #	   h	  [m]	   t [mm]	   ∅outer [m] 	  
1	   20	   15	   3.30	  
2	   40	   22	   3.55	  
3 60 28 3.85 
4	   80	   30	   4.25	  
5	   100	   34	   4.50	  
Table 10 – Final cross sectional dimensions for the tubular steel tower. 
 
5.3. Prestressed concrete tower 
 Particular hypothesis 5.3.1.
 Material 
This tower has been designed using prestressed concrete. The selected class for 
the material has been C30/37, which is a very common concrete available in most of local 
manufacturers.  
As for the steel used to prestress the concrete, a commercial model from 
ArcelorMittal consisting of 7-wire strand has been chosen [34].  
 
 Geometric constrains 
Prestressed concrete is a very versatile material that does not impose any 
additional dimensional constrain because of transport nor production. Concrete can be 
produced whether on site or on factory. In case the second option is the choice, it can be 
divided into as many sections as necessary to fit transport dimensions. Concerning high 
strength cables, their flexibility permit an easy transportation.  
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 Ultimate limit state 5.3.2.
 Second order effects 5.3.2.1.
The slenderness of wind towers really affects its structural behavior making it 
significantly influenced by second order effects. European Standards define second order 
effects as the additional effects caused by structural deformations. Consequently, concrete 
wind towers have to be verified in the deformed shape.  
 There are several methods existing to consider second order effects. For simplicity, 
method based on moment magnification factor has been used (EN 19921-1 5.8.7.3 [18]). 
𝑀!" = 𝑀!!"1− 𝑁!"𝑁!  
 Where: 
  M0Ed is the first order moment. 
  NB is the buckling load. 
  NEd is the design value of axial load. 
 
 Geometric imperfections 5.3.2.2.
Deviations in cross section dimensions are not taken into account in the material 
safety factors. The unfavorable effects of possible deviations in the geometry of the 
structure and the position of loads shall be taken into account in the analysis structures. 
According to [18], for isolated members such a wind tower, the effect of imperfections may 
be considered as an eccentricity ei given by: 
𝑒! = 𝜃! · 𝑙!2  
Where: 
  ei =  Eccentricity for the axial load N. 
θi =  Inclination because of geometric deviations. 
  lo =  Effective buckling length. 
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Figure 37 – Eccentricity of the load because of the inclination to consider geometric imperfections. Source: Reference[8]. 
 
 In the considered tower, an eccentricity ei = 500mm has been obtained (see annex 
C1 – Ultimate Limit State design for the prestressed concrete tower for more details). 
 
 Concrete cover 5.3.2.3.
 The concrete cover is the distance between the surface of the reinforcement closest 
to the nearest concrete surface. A minimum concrete cover, cnom, shall be provided in 
order to ensure: 
- The safe transmission of bond forces.  
- The protection of the steel against corrosion (durability). 
- An adequate fire resistance.   
 Following recommendations in EN 1992-1-1 4 [18], the minimum concrete cover 
used in the design bas been set to cnom = 40mm. See annex C1 – Ultimate Limit State 
design for the prestressed concrete tower for more details. 
 
 Material strength 5.3.2.4.
European Normative recommend that when using prestressed concrete, both 
materials, steel and concrete, should be checked separately.  
 Steel 
 The maximum load applied to a tendon should not exceed Pmax (EN 1992-1-1 5-
10.2.1 [18]). 
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𝑃!"# ≥ 𝑃 
 Where: 
  P is the tensile force applied to tendons.  
  Pmax = As · σp.max 
   As is the cross-sectional steel area. 
   σp.max = min {0.8·fpk ; 0.95·fpk } 
   ·fpk is the characteristic value of the ultimate strength for steel. 
   ·fpk is the characteristic value of the 0,1% proof stress for steel. 
The results of analysis can be checked in the following table. For further details see 
annex C1 – Ultimate Limit State design for the prestressed concrete tower. 
 
	   	  
VERIFICATION	  
Cylinder	  #	   h	  [m]	   Pmax	  [kN]	   P	  [kN]	   Pmax	  >	  P	  
1	   20	   1.427	  ·∙	  105	   5.477	  ·∙	  104	   OK	  
2	   40	   1.427	  ·∙	  105	   8.030	  ·∙	  104	   OK	  
3	   60	   1.427	  ·∙	  105	   1.019	  ·∙	  105	   OK	  
4	   80	   1.427	  ·∙	  105	   1.121	  ·∙	  105	   OK	  
5	   100	   1.427	  ·∙	  105	   1.236	  ·∙	  105	   OK	  
Table 11 – Tensile load applied to steel tendons. 
 
 Concrete 
Compressive strength applied to concrete should also be checked (EN 1992-1-1 
5.10.2.1 [18]). 0.6 · 𝑓!" > 𝜎!"#$ 
 Where: 
  fck is the characteristic compressive strength of concrete. 
  σcomp is the concrete compressive stress in the structure resulting from the 
  prestressing force and other loads acting at the time of tensioning.  
 Results of this verification are shown in table 12. Cylinders coloured in green mean 
that this analysis was the governing criteria when designing the cross section.  
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VERIFICATION	  
Cylinder	  #	   h	  [m]	   0.6·∙fck	  [Mpa]	   σcomp	  [Mpa]	   0.6·∙fck	  >	  σcomp	  
1	   20	   18	   17.46	   OK	  
2	   40	   18	   17.72	   OK	  
3	   60	   18	   17.74	   OK	  
4	   80	   18	   16.33	   OK	  
5	   100	   18	   15.88	   OK	  
Table 12 – Compressive stress supported by the concrete. 
  
The complete analysis can be found in C1 – Ultimate Limit State design for the 
prestressed concrete tower. 
 
 Prestress losses 5.3.2.5.
 The design of prestressed member involves checking the stresses in the concrete 
at transfer and service due to the combination of applied loads and prestressing. Owing to 
losses of force which occur in prestressing strands and tendons, the effective prestress 
force, P, which is transferred to the concrete is not generally equal to the applied jacking 
force, Pjack, nor is it constant along the length of the member. Therefore, in order to 
determine the effective stress due to prestress at transfer and service, the losses in 
prestress must first be calculated at each design section. 
 The losses which occur in prestressed members can be devided into two groups in 
accordance with the time when they occur. Losses which occur prior to the point in time 
when stress is first felt by the concrete are collectively known as pre-transfer losses. On 
the other hand, losses which occur after the prestress is transferred to the concrete are 
known as post-transfer losses. 
 Pre-transfer losses result from elastic shortening of the concrete and, in the case of 
post-tensioned members, from friction between the tendons and the surrounding ducts. 
Post-transfer losses are caused by relaxation of the steel and by creep and shrinkage of 
he concrete. In addition, in the case of post-tensioned members, there is a post-transfer 
loss due to slippage of the tendons at the anchorage known as draw-in loss.  
 In this master thesis, for the design of prestressed concrete tower post-tension 
tendons have been used. Thus, the following prestress losses have been considered: 
• Friction losses. 
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• Elastic shortening losses. 
• Draw-in losses. 
• Time-dependent losses. 
 The complete calculations can be found in C1 – Ultimate Limit State design for the 
prestressed concrete tower. 
 
 Fatigue Limit State 5.3.3.
 According to Eurocode 2 [18], fatigue resistance of concrete structures shall be 
verified separately for concrete and steel. 
 
 Fatigue in the prestressing tendons 5.3.3.1.
 The control of fatigue in tendons does not differ too much from the methodology 
used to assess fatigue in normal steel. It consists on determining the damage of a single 
load amplitude Δσs by using the corresponding S-N curves.  
 
 
Figure 38 – Shape of the characteristic fatigue strength curve. Source: Reference [18]. 
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 Parameters for S-N curves of prestressing steel are: 
 
 Taking account the number of cycles of the fatigue load, N = 800·106 cycles, ΔσRsk 
has been obtained interpolating the S-N curve with the properly parameters. Thus: ∆𝜎!"# = 142  𝑀𝑃𝑎 
 Then, it has been verified that the following expression was fulfilled (EN 1992-1-1 
(6.71) [18]): 
∆𝜎! ≤ ∆𝜎!"#𝛾!.!"#  
 Where: 
  ΔσRsk is the stress range at N cycles from the appropriate S-N curve.  
  Δσs is the maximum stress range produced by the fatigue load. 
 
 Results of this verification are shown in table 14. Cylinders coloured in green mean 
that this analysis was the governing criteria when designing the cross section. 
 
 
 
 
Table 13 – Parameters for S-N curves of prestressing steel. Source: Reference [18]. 
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VERIFICATION	  
Cylinder	  #	   h	  [m]	   ΔσRsk/γs.fat	  [MPa]	   Δσs	  [kN]	   ΔσRsk/γs.fat	  >	  Δσs	  
1	   20	   142	   27.51	   OK	  
2	   40	   142	   51.22	   OK	  
3	   60	   142	   76.09	   OK	  
4	   80	   142	   88.55	   OK	  
5	   100	   142	   105.06	   OK	  
Table 14 – Fatigue control in the prestressing tendons. 
 
The complete analysis can be found in D – Fatigue Limit State design for the 
prestressed concrete tower. 
 
 Fatigue in concrete 5.3.3.2.
 According to [18], fatigue verification for concrete may be assumed if the following 
condition is satisfied EN 1992-1-1 (6.77): 𝜎!.!"#𝑓!".!"#   ≤ 0.5+ 0.45 · 𝜎!.!"#  𝑓!".!"#   ≤ 0.9 
 Where: 
  σc.max is the maximum compressive stress at a fibre under the cyclic load. 
  σc.min is the minimum compressive stress at the same fibre where σc.max  
  occurs. If σc.min < 0, then σc.min = 0.  
  fcd.fat is the fatigue strength of concrete 
 According to EN 1992-1-1 (6.76): 
𝑓!".!"# = 𝑓!" · 1− 𝑓!"250 = 301.5 · 1− 30250 = 17.6  𝑀𝑃𝑎 
 
Results of this verification are shown in table 15. The complete analysis can be 
found in D – Fatigue Limit State design for the prestressed concrete tower. 
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VERIFICATION	  
Cylinder	  #	   h	  [m]	   A	  =	  Δσc.max/fcd.fat	   B	  =	  0.5	  +	  0.45·∙Δσc.min/fcd.fat	   A	  ≤	  B	   B	  ≤	  0.9	  
1	   20	   0.004	   0.5	   OK	   OK	  
2	   40	   0.008	   0.5	   OK	   OK	  
3	   60	   0.012	   0.5	   OK	   OK	  
4	   80	   0.014	   0.5	   OK	   OK	  
5	   100	   0.017	   0.5	   OK	   OK	  
Table 15 – Fatigue control in concrete. 
 
 Cross-section design 5.3.4.
 The methodology used to size the cross-sections has consisted on determining 
which was the governing criteria of every cylinder. Once identified, it has been checked 
that the dimensions were suitable for the Ultimate Limit State and the Fatigue Limit State.  
The tower has been designed assuming that tendons will go through the whole 
height of the tower and will be covered by plastic ducts. A detail of the cross-section with 
ducts is showed below.  
 
Figure 39 – Detail of the cross section. 
 Where: 
  φstrand is the nominal diameter of a strand. 
  ns is the number of strands forming a tendon. 
  ntendons number of tendons of a cross-section. 
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  φduct is the nominal diameter the duct covering the strands.  
  
The following table presents the design according to ULS and FLS of considered 
cross-sections. 
# h [m] φouter [mm] t [mm] Driving criteria 
1 20 4 290 ULS 
2 40 4.75 360 ULS 
3 60 5.3 420 ULS 
4 80 6 460 ULS 
5 100 6.5 500 ULS 
Table 16 - Geometry size of the tower according to ULS and FLS. 
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6. Foundations 
 Along this chapter, foundations for wind tower are assessed. In the first part, there is a brief 
introduction about different kinds of foundations and when are they used. After that, the chapter 
proceeds with the design of the foundations for the two studied towers: design hypothesis, 
modeling and behavior of the soil and description of the used methodology. The chapter concludes 
with a presentation of the obtained dimensions for the foundations as well as the required 
reinforcement. The aim is showing the reader the amount of materials (steel and concrete) 
involved in this part. 
 
6.1. Description of wind tower foundations 
 The foundation is the part of the wind turbine that connects the tower with the soil. 
Its only task is to ensure the stability for the wind turbine, and to do so over its lifetime. 
This is done by transferring and spreading loads acting on the foundation to the ground. 
Design of wind-turbine foundations is largely driven by the tower base over-turning 
moment under wind conditions. Fatigue life calculations taking into consideration the 
dynamic load spectrum are normally not requested. Those calculations are carried out 
under responsibility of the manufacturer [1]. 
 The size of the foundation slab is determined by the demand on foundation 
stiffness. This is to avoid self-oscillation and limit the risk of settlements. Due to this 
demand foundation slabs normally have a width of 15 to 20 meters and a thickness of 1.5 
to 2.5 meters. The ideal shape of gravity foundation in plan is a circle, but in view of the 
complications of providing circular formwork, an octagonal or square shape are usually 
chosen instead.  
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Figure 40 – Different shapes of wind tower foundations. 
 
 Forces will be transferred from the tower to the foundation via an interface which 
connects, the prefabricated tower, to the in situ made foundation. Among the many 
possible solutions of this interface, the most common whether consist on a giant steel pipe 
with a flange embedded in the concrete or a steel flange with several long bolts embedded 
in the concrete as well.  
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41 -  Left: Steel ring as an interface between tower and foundation. Source: Reference [31]. 
  Right: Bolt cage as an interface between tower and foundation. Source: Reference [31]. 
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6.2. Types of foundations 
 Every location is different with regard to the ground conditions and may require the 
foundation design to be site-specific. Depending on the geological conditions, either slab 
foundations or pile foundations are required. The decisive factor is the depth at which soil 
layers are found which will absorb the loads imposed  
 
 Slab foundations 6.2.1.
 Slab foundations are chosen when competent material exists within a few meters of 
the surface. The overturning moment is resisted by an eccentric reaction to the weight of 
the turbine, tower and foundations.  
 
 
  
Figure 42 – Slab foundations. (a) Plain slab, (b) Stub and pedestal, (c) Stub tower 
embedded in tapered slab, (d) Slab held down by rock anchors. Source: Reference [10]. 
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 Pile foundations 6.2.2.
 In weaker ground, a piled foundation often makes more efficient use of materials 
than a slab. Overturning is resisted by both pile vertical and lateral loads. 
 
6.3. Geotechnical design 
 Normally a construction has got some kind of connection to the ground. This 
connection together with the behaviour of the surrounding soil, is what the geotechnical 
design is about. 
 European Normative also give some recommendation when treating with 
geotechnical design. In the particular case of designing a foundation for a wind tower, the 
following possible types of failure should be verified [33]. 
• Loss of overall stability. 
• Bearing resistance failure. 
• Combined failure in ground and in structure. 
• Structural failure due to foundation movement. 
• Excessive settlements. 
• Excessive heave. 
• Unacceptable vibrations. 
Figure 43 – Pile Foundations: (a) Pile group, (b) Solid mono-pile, (c) Hollow mono-pile.  
Source: Reference [10]. 
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 The geotechnical design requires information about soil parameters such as 
thickness, type and weight of the soil layers in the ground, the shear strength, the ground 
water level, the over consolidation ratio and the stiffness properties. However, as there are 
no two equal soils, a ground investigation and some laboratory testing is necessary.  
 Because of the fictitious location of the considered towers, geotechnical information 
is not available. In consequence, foundations have been designed using some typical soil 
characteristics found in [31]. In particular, the considered soil was moraine, with good 
strength and high stiffness.  
 σ = 1,600 kPa (bearing capacity of the soil). 
 φ = 38º (friction angle of the soil). 
 c = 0 kPa (undrained shear strength). 
 Then, the following failure verifications have been checked: 
• Failure because of exceeding the bearing capacity. 
• Failure by sliding. 
• Failure by overturning. 
 
6.4. Design of the foundations  
 Design assumptions 6.4.1.
 A slab foundation has been considered since this is the most common type of 
foundation for wind power plants. They are suitable for strong and stiff soils and do not 
give large settlements. That is the reason why slab foundations are mostly used on friction 
soils with high friction angle and not clays or other soils with low modulus of elasticity and 
strength. 
 The shape of the slab has been assumed to be square with a constant height (no 
slope at the top of the slab). Concerning the interface between the tower and the 
foundation, is has not been considered since its sizing and implementation entail great 
difficulty and it is not expected to affect significantly the final results (thinking in terms of 
sustainability).  
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 Loads acting on the foundation 6.4.2.
 The vertical force acting on the foundation is mainly dead load from the tower. 
However, the most significant loads on the foundation origins from the wind. Due to the 
height of the tower, a horizontal force from the wind is giving a considerably big bending 
moment at the foundation. 
 All forces acting on the tower are transferred to the foundation combined into 
resultant forces H, V and bending moment M. Table in figure 44 summarizes all loads that 
each tower is transferring to the foundation. The full analysis can be found in annex E1 
and F1. 
 
 Calculation methodology 6.4.3.
 Soil is an unknown material whose behaviour is neither lineal nor isotropic. Thus, 
Load	   Steel	  tower	  	   Concrete	  tower	  	  
H	  [kN]	   1,350	   	  1,350	  
V	  [kN]	   23,565.38	   29,851.44	  	  
M	  [kN·∙m]	   147,817.04	   	  147,990.93	  
Figure 44 – Loads applied to the foundation. 
Figure 45 – Different kind of stress distributions under a slab. Source: [20]. 
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the stress distribution under the slab is not uniform and depends mainly on the kind of soil. 
 In practice, in order to avoid complex calculations, uniform or linear distributions are 
adopted defining and eccentricity e for the axial load and an effective foundation area Aeff. 
The stress that the foundation is transferring to the soil is the sum of tension coming from 
the vertical load and the bending moment. However, it should be noted that since the soil 
cannot support a tensile stress, an effective area Aeff of the soil, which is giving a uniform 
tension equivalent to the triangular compressive stress, is defined (figure 46).  
 
Figure 46 – Stress transferred to the soil and response of it. 
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 To calculate the effective foundation area Aeff, the concept of the load centre has to 
be understood. The load centre, denoted as LC (figure 47), is the point where the resultant 
of H and V intersects the foundation-soil interface, and implies and eccentricity e of the 
vertical force V. 
 
 Where: 
𝑒 = 𝑀𝑉  
 The effective foundation area is constructed such that its geometrical centre 
coincides with the load centre, and such that it follows as closely as possible the nearest 
contour of the true area of the foundation base [15]. 
Figure 47 – Loading under idealized conditions. Source: Reference [15]. 
Figure 48 – Quadratic footing with the approach to how to make up the effective foundation area. 
Source: Reference [15]. 
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 For a quadratic area of width b, the effective area Aeff can be defined as: 𝐴!"" = 𝑏!"" · 𝑙!"" 
 Where: 
  beff = b – 2 · e 
  leff = b 
 
 Once the effective foundation area Aeff has been estimated, sectional forces are 
calculated at a one meter wide shred through the center of the foundation. The part that 
extends outside the embedded ring is seen as a cantilever beam on which the sectional 
forces are calculated. There are two cases to study, where the first one is when the 
cantilever beam has got load both from the ground g and from the weight of the concrete f. 
Supposing that g is bigger than f, this situation will give tension in the bottom of the 
reinforcement, figure 49 (b). The second case, when only the weight f is acting on the 
beam, will result of tension in the top of the reinforcement, figure 49 (a).  
Sustainability assessment of towers for wind turbines 
 
 98 
 
 Because of the bending moment, there will be both tension and compression 
stresses above and under the ring. The compression stress must not be bigger than the 
Figure 49 – Methodology to calculate sectional forces on the slab. 
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strength of the concrete and a sufficient amount of reinforcement is put in for the tensile 
force. 
 The followed steps when designing foundations are illustrated in the flow chart 
below: 
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 Design results 6.4.4.
 The obtained dimensions of the slabs (table 18) come from the failure cases 
mentioned before in chapter 6.3. The results of the calculations, which can be found in 
Annex E2 and F2 for the steel and concrete tower respectively, are summarized in the 
following table. Coloured cells point the governing criteria.  
 
	  
Bearing	  capacity	   Sliding	   Overturning	  
	  
σb	  ≥	  σsoil	  [kPa]	   V	  ·∙	  tg(φ)	  ≥	  H	  [kN]	   V	  ·∙	  lslab/2	  ≥	  γd	  ·∙	  M	  [kN·∙m]	  
Steel	  tower	   1,600	   158.06	   15,894.79	   1,000	   235,650	   221,725	  
Concrete	  tower	   1,600	   391.38	   20,135.05	   1,000	   223,885	   221,986	  
Table 17 – Verifications for foundations. 
 
	  
Concrete	  
	  
width	  b	  [m]	   length	  l	  [m]	   height	  h	  [m]	  
Steel	  tower	   20	   20	  	   2	  
Concrete	  tower	   15	   15	   2	  
Table 18 – Dimensions of the slab. 
 
	  
Reinforcing	  steel	  
	  
Bars	   Stirrups	  
	  
Units	  	   length	  l	  [m]	   ϕ	  [mm]	   Units	  	   length	  l	  [m]	   ϕ	  [mm]]	  
Steel	  tower	   466	   20	   25	   128	   44	   15	  
Concrete	  tower	  
288	   14	   25	   192	   34	   	  15	  
146	   14	   12	   -­‐	   -­‐	   -­‐	  
Table 19 – Steel used in the foundations. 
 
 The complete analysis for foundations can be found in annex E2 – Design of 
foundations for the tubular steel tower and F2 – Design of foundations for the prestressed 
concrete tower. 
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7. Amount of electricity produced by a wind turbine 
 This chapter does not have many things in common with the previous ones. It puts aside 
the structural design to begin with another part of this master thesis, the sustainability assessment. 
 Once the dimensions of the cross-sections as well as the required size of the foundations 
have been estimated so as to achieve a 100 m height wind tower made of steel or concrete, it is 
necessary to have at least a rough approximation about how much electricity may be generated. 
The methodology adopted for this purpose as well as the obtained results of the study are shown 
along this chapter. 
 
7.1. Introduction 
 Predicting in advanced how many electricity can be generated during the whole 
service life of a wind generator is not an easy task. Firstly, because of answering this 
question requires estimating for how long the wind turbine will be able to work properly. 
Secondly, because of an approximation of wind behavior, for at least the next 20 year, 
must be done in order to assume the electricity that is going to be produced. 
 In all engineering projects, the prime purpose of the investor is to recover the spend 
funds on the initial investment and begin to earn money. Wind turbines are not an 
exception and therefore having an idea about how many electricity will be produced by a 
wind tower is an essential aspect to sort out.  
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7.2. Assumed service life of a wind turbine  
 Typically, the anticipated service life of a wind turbine ranges from 20 to 30 years. 
The main structural components of a turbine (such as the tower and base) are capable of 
lasting many years beyond this, however more regular replacement of the moving parts, 
such as the generator, gearbox and blades is generally required. In consequence, it has 
been decided to estimate the service life of the generator for 20 years. 
 
7.3. Prediction of produced electricity 
 Capacity factor 7.3.1.
 Having exact data about how many electricity can be produced by a wind turbine 
during its 20 years of service life requires information which scape from the scope of this 
master thesis. On the one hand, because the location of the towers has not been 
considered. But on the other hand, in case the wind turbine was placed at a certain 
location, not always a reliable source of historical wind data is available. 
 For this reason, the problem has been faced through another approach consisting 
on defining a capacity factor for a wind turbine. This parameter is the ratio of the actual 
output of a wind turbine over a period of time (usually one year) and its potential output if it 
had operated at its full nominal capacity during the entire time. To calculate it, the total 
amount of energy the wind turbine produced during one year has to be divided by the 
amount of energy that the plant would have produced at its full capacity. 
 An example of calculation of the capacity factor for a time period of one year is 
presented hereby: 
 𝐶𝑓 = 𝐸𝑃  [𝑀𝑊 · ℎ]𝑁𝐶  [𝑀𝑊] · 1𝑦𝑒𝑎𝑟 · 1  𝑦𝑒𝑎𝑟365  𝑑𝑎𝑦𝑠 · 1  𝑑𝑎𝑦24  ℎ  
 
 Where: 
  Cf is the capacity factor of the wind turbine. 
  EP is the electricity production during one year. 
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  NC is the nominal capacity of the wind turbine.  
 It should be noted that although this master thesis is only focusing on the tower, a 
nominal capacity for the wind turbine is required. Taking a look on the wind power market, 
with the technology available up to date, a wind turbine of a rated power of 3.6 MW can be 
easily achievable with a 100m-height tower. For this reason, it has been considered that 
the fictitious turbine that would be held by the designed tower has a nominal capacity of 2 
MW.  
 
 Typical capacity factors for wind turbines 7.3.2.
 Since the electricity produced by a wind turbine during one year is another 
parameter to be assumed, several capacity factors from different European countries have 
been calculated. In particular, the selected countries are: Germany, Spain, France, 
Denmark and Sweden. 
 The first three members have been chosen because they are the European 
countries with more wind power installed (graph 11). 
 
 
 
 
 
 
 
 
 
 
 
  
 Despite the fact that Denmark only owns a 4% of the 84,074 MW European total 
installed capacity, it has been considered because Denmark was provably the first country 
Graph 11 – EU Member state market shares for total installed capacity at end of 2010. Source: Reference [21]. 
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in investing money on wind energy. Since 1988, when Danes passed a law forbidding the 
construction of nuclear power plants, they have been betting really hard for wind energy 
and right now, Danish wind turbine industry is the largest in the world. 
 Although they have relatively modest average wind speeds, in the range of 4.9–5.6 
metres a second measured at 10 m height [22], almost the quarter part of the overall 
electricity consumed in Denmark comes from wind power (graph 12). 
 
 
 
 
 
 
 
 
 
 
 
 
 Finally, Sweden has been chosen because apart from being the country were this 
master thesis is being carried out (Luleå), Swedish government is investing larges sums of 
money in wind power. In March 2010, they gave the go-ahead for Markbygden Windpower 
Project (Piteå). This wind farm is expected to be completed by 2020 and with over 1,100 
wind turbines, which will produce up to 12 TW·h of electricity annually, it is planned to 
become Europe’s biggest on land wind farm and one of the biggest in the world. 
 The following tables show the obtained capacity factors for the studied countries.  
 
 
 
Graph 12 – Wind share of total electricity consumption during 2010. Source: Reference [21]. 
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Wind	  power	  in	  Germany	  (32%	  of	  the	  European	  total	  installed	  capacity)	  
Year	   Installed	  capacity	  [MW]	   Electricity	  production	  [MWh]	   Capacity	  factor	  
2004	   16,629	   25,509,000	   0.175	  
2005	   18,415	   27,229,000	   0.169	  
2006	   20,622	   30,710,000	   0.170	  
2007	   22,247	   39,713,000	   0.204	  
2008	   23,897	   40,574,000	   0.194	  
2009	   25,777	   38,639,000	   0.171	  
	  
	  	   Average	  capacity	  factor	   0.180	  
Table 20 – Capacity factor for Germany. Source: German Energy Agency (www.dena.de). 
 
Wind	  power	  in	  Spain	  	  (24%	  of	  the	  European	  total	  installed	  capacity)	  
Year	   Installed	  capacity	  [MW]	   Electricity	  production	  [MWh]	   Capacity	  factor	  
2004	   8,462	   15,744,000	   0.212	  
2005	   9,910	   20,520,000	   0.236	  
2006	   11,470	   22,684,000	   0.226	  
2007	   13,909	   27,169,000	   0.223	  
2008	   16,018	   31,136,000	   0.222	  
2009	   18,263	   36,188,000	   0.226	  
2009	   19,959	   42,702,000	   0.244	  
	   	  
Average	  capacity	  factor	   0.227	  
Table 21 – Capacity factor for Spain. Source: Red Eléctica de España (www.ree.es). 
 
Wind	  power	  in	  France	  (7%	  of	  the	  European	  total	  installed	  capacity)	  
Year	   Installed	  capacity	  [MW]	   Electricity	  production	  [MWh]	   Capacity	  factor	  
2006	   1,567	   2,257,000	   0.164	  
2007	   2,454	   4,045,000	   0.188	  
2008	   3,404	   5,563,000	   0.187	  
2009	   4,492	   7,855,000	   0.200	  
2010	   5,660	   9,726,000	   0.196	  
	   	  
Average	  capacity	  factor	   0.187	  
Table 22 – Capacity factor for France. Source: Electrical Energy Statistics for France. (www.rte-france.com). 
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Wind	  power	  in	  Denmark	  (4%	  of	  the	  European	  total	  installed	  capacity)	  
Year	   Installed	  capacity	  [MW]	   Electricity	  production	  [TWh]	   Capacity	  factor	  
2004	   3,123	   6.58	   0.241	  
2005	   3,127	   6.61	   0.241	  
2006	   3,135	   6.11	   0.222	  
2007	   3,124	   7.14	   0.261	  
2008	   3,163	   6.98	   0.252	  
2009	   3,482	   6.72	   0.220	  
2010	   3,752	   7.81	   0.238	  
	   	  
Average	  capacity	  factor	   0.239	  
Table 23 – Capacity factor for Denmark. Source: Reference [22]. 
 
Wind	  power	  in	  Sweden	  (3%	  of	  the	  European	  total	  installed	  capacity)	  
Year	   Installed	  capacity	  [MW]	   Electricity	  production	  [MWh]	   Capacity	  factor	  
2004	   472	   864,546	   0.209	  
2005	   530	   939,125	   0.202	  
2006	   583	   988,340	   0.194	  
2007	   831	   1,431,644	   0.197	  
2008	   1,074	   1,995,846	   0.212	  
2009	   1,440	   2,490,409	   0.197	  
	   	  
Average	  capacity	  factor	   0.202	  
Table 24 – Capacity factor for Sweden. Source: Swedish Energy Agency (http://energimyndigheten.se). 
 
 Looking through the tables, one may realize that the capacity factors in every of the 
considered countries and for all years remain fairly constant. Thus, the considered 
capacity factor for the study has been: 𝐶𝑓 = 0.2 
 Consequently, assuming an effective service life of 20 year, a wind turbine held in a 
100m-height tower placed in Europe, will produce an electricity of: 
 
Total	  energy	  produced	  
Power	  rate	   MW	   2.00	  
Load	  factor	   -­‐	   0.20	  
Annual	  production	   GW·∙h/year	   3.50	  
Service	  life	   year	   20	  
TOTAL	   GW·∙h	   126.14	  
Table 25 – Total energy expected to be produced by a turbine with a tower of 100m height.
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8. Embodied CO2 and energy in wind tower materials 
 As it has been shown along this master thesis, regardless the kind of tower, the main inputs 
for the construction of a wind tower are steel and concrete. Then, depending on the kind of tower, 
one of them will be the predominant material, but both will play an important role.  
 In this chapter, CO2 embodied in the production of both materials is assessed. Sources of 
information are presented and widely explained in order to show as transparent data as possible.  
 Combining this information with the required amount of material resulting from the structural 
design previously performed, will be the key to achieve a sustainability assessment for wind 
towers.  
 
8.1.  Steel 
 Database source 8.1.1.
 Having global exact data about steel and the CO2 emissions entails certain 
difficulty, as the embodied CO2 per ton of steel has a great variability subjected to several 
factors: 
• Region of production. 
• Manufacture procedure: Blast furnace route or electric arc furnace route. 
• Steel product: plate, section, rebar. 
• Extension of the life cycle inventory for steel. 
 Life Cycle Inventory (LCI) means that a burden is given to the steel scrap, as it is 
used as an input to the steel making process. If a study is a cradle-to-gate LCI study, this 
means that it covers all of the production steps from raw materials in the earth (“the 
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cradle”) to finished products ready to be shipped from the factory (“the gate”). It does not 
include the manufacture of downstream products or their use. 
 One of the most positive aspects of steel is the ease of recycling easily when its 
products reach the end of their life without loosing any of its inherent proprieties. 
•   
Sector	   Market	  size	   Recovery	  Rate	  
Packaging	   5.5%	   66%	  
Automotive	   30.2%	   99%	  
Domestic	  Appliances	   5.0%	   93%	  
Construction	   43.6%	   85%	  
Machinery	   15.7%	   91%	  
• Table 26 – Recycling rates for steel (2005). Source: Steel Recycling Institute (www.recycle-steel.org). 
  
 Although steel overall recycling rate is already high, end-of-life steel is not sufficient 
to meet demand for new steel. 𝑊𝑜𝑟𝑙𝑑  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑐𝑟𝑢𝑑𝑒  𝑠𝑡𝑒𝑒𝑙  𝑖𝑛  2010 = 1,413,596,000  𝑡𝑜𝑛𝑛𝑒𝑠 
 
 Most steel products remain in use for decades before they can be recycled. 
Therefore, there is not enough scrap to meet growing demand using the secondary 
steelmaking method alone. Demand is met through a combined use of the primary and 
secondary production methods (graph 13). This means that levels of recycled content are 
low (29%). 
Blast&
furnace&
route&
71%&
Electric&
arc&
furnace&
29%&
Graph 13 – Origin of 2010 world steel production. Source: Reference [23]. 
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 CO2 emissions per tone of steel  8.1.2.
 In the Kyoto Protocol, the greenhouse gases considered are carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) 
and sulphur hexafluoride (SF6). 
 Since CO2 is the gas of most relevance to the steel industry, making up 99% of all 
industry Greenhouse Gas Emissions, all of the information is reported in terms of CO2 
equivalent, which means that all gas emissions have been multiplied per its GWP (Global 
Warming Potential), as explained in chapter 1. 
 Basic methodology used for calculating emissions embodied in steel is illustrated 
below.  𝐶𝑂!  𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 𝐷𝑖𝑟𝑒𝑐𝑡 + 𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 − 𝐶𝑟𝑒𝑑𝑖𝑡𝑠  (𝑡𝑜𝑛𝑛𝑒) 𝐶𝑂!  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =   𝐶𝑂!  𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠   𝑡𝑜𝑛𝑛𝑒 𝑐𝑟𝑢𝑑𝑒  𝑠𝑡𝑒𝑒𝑙  (𝑡𝑜𝑛𝑛𝑒) 
 Direct: CO2 Emissions from steel production (e.g. coke making, iron making, reheat 
furnaces). 
 Indirect: CO2 Emissions from upstream processes such as purchased electricity or 
transport of raw materials.	  
Credits:	   CO2 Emissions saved by recycled steel making, casting and reheating or 
by selling by-products, electricity or steam to other companies that enable them to use 
their CO2 emissions. 
 
The results and quality of steel data depend critically upon the methodology used. 
For this reason, several approaches of the collecting methodology from different sources 
are given. 
 
 Data from Wordsteel Association 8.1.2.1.
In the following table, statistical sustainable data about steel is showed. It has been 
obtained by dividing total CO2 or energy generated by companies per total steel produced 
by Worldsteel members. Therefore, it does not give any credit because of saved CO2 in 
recycling.  
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 Table 28 summarizes, according to the variability factors mentioned at the 
beginning of this chapter, parameters taken into account to obtain the previous table (table 
27).  
Steel's	  emissions	  variability	  factors	  
Region	  of	  production	   Worldwide	  production	  
Manufacture	  procedure	   Both	  
Steel	  product	   All	  
Extension	  of	  LCI	   Cradle	  to	  gate	  	  
Table 28 – Variability factors considered. 
 
 In tables below, not only CO2 but also all of gas emissions have been considered. 
Moreover, information has been separated by product. 
 In table 29 data does not consider any burden for scrap input or any credit for the 
end of life recycling. The reference year for the data is from 2005 to 2008, depending on 
each Worldsteel member company providing data. 
 
Steel	  environmental	  indicators	  
Date:	  2005	  -­‐	  2008	   Steel	  product	  
Indicator	   Rebar	   Hot	  rolled	  section	   Plate	  
GWP	  100	  years	  [kg	  CO2/kg	  steel]	   1.24	   1.56	   2.35	  
Primary	  energy	  demand	  [MJ/kg	  steel]	   16.42	   19.64	   26.12	  
Table 29 – Life Cycle Inventory for steel excluding recycling. Source: Reference [24]. 
 
Steel	  environmental	  indicators	  
Indicator	   Unit	   2007	   2008	   2009	   2010	  
Greenhouse	  gas	  emissions	   Tonnes	  CO2/tonne	  crude	  steel	  cast	   1.8	   1.8	   1.8	   1.8	  
Energy	  intensity	   MJ/kg	  steel	  cast	   20.8	   20.8	   20.8	   20.1	  
Material	  efficiency	   %	  of	  by-­‐products	  re-­‐used	   97.9	   98.0	   98.0	   97.8	  
Table 27 – General sustainability indicators for steel (updated October 2011). Source: www.worldstee.org. 
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Steel's	  emissions	  variability	  factors	  
Region	  of	  production	   Worldwide	  production	  
Manufacture	  procedure	   Both	  
Steel	  product	   Separated	  data	  by	  product	  
Extension	  of	  LCI	   Cradle	  to	  gate	  excluding	  recycling	  
Table 30 – Variability factors considered. 
 
 If an EOL (end of life) recycling rate of 85% is considered, the obtained results are: 
 
Steel	  environmental	  indicators	  
Date:	  2005	  -­‐	  2008	   Steel	  product	  
Indicator	   Rebar	   Hot	  rolled	  section	   Plate	  
GWP	  100	  years	  [kg	  CO2/kg	  steel]	   1.01	   1.20	   1.12	  
Primary	  energy	  demand	  [MJ/kg	  steel]	   14.38	   16.40	   15.24	  
Table 31 - Life Cycle Inventory for steel excluding recycling. Source: Reference [24]. 
 
Steel's	  emissions	  variability	  factors	  
Region	  of	  production	   Worldwide	  production	  
Manufacture	  procedure	   Both	  
Steel	  product	   Separated	  data	  by	  product	  
Extension	  of	  LCI	   Cradle	  to	  gate	  including	  recycling	  
Table 32 – Variability factors considered. 
 
 Data from Bauforumstahl e.V. 8.1.2.2.
 This organization corresponds to the Institute of Construction and Environment of 
Germany. They provided and EPD (Environmental Product Declaration) for steel plates 
and rebar assuming 100% recovery: 88% recycling, 11% reuse and 1% loss. 
 According to EU Waste Framework Directive, after a building (i.e. wind turbine) has 
been decommissioned and deconstructed, the construction products and materials are 
separated for the different disposal scenarios.  
 Reuse, which means that construction products are used again with the same 
shape and purpose, is the preferred option. Otherwise, recycling involves processing used 
materials into new products providing a fresh supply of the same material. However, when 
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this is not possible, methods like incineration, producing energy but also CO2, can be a 
good strategy to reduce waste of at least certain values of material before being landfilled.  
 
Product	   MJ/kg	   kg	  CO2/kg	   Removal	  scenario	  
Plate	   11.78	   0.80	   100%	  Recovered:	  11%	  reused,	  88%	  recycled,	  1%	  loss.	  
Rebar	   12.42	   0.87	   100%	  Recovered:	  11%	  reused,	  88%	  recycled,	  1%	  loss.	  
Table 33 – Environmental Product Declaration. Source: Reference [37]. 
 
Steel's	  emissions	  variability	  factors	  
Region	  of	  production	   European	  production	  
Manufacture	  procedure	   Both	  
Steel	  product	   Separated	  data	  by	  product	  
Extension	  of	  LCI	   Cradle	  to	  gate	  including	  recycling	  
Table 34 – Variability factors considered. 
 
8.2. Concrete 
 Introduction 8.2.1.
 Concrete is second only to water as the most consumed substance in the world. 
Every year, almost one ton of concrete is produced for every human in the planet1, 
generating CO2 emissions that contribute to the greenhouse effect.  
 Concrete is basically a mixture of two components: aggregates and paste. The 
paste is usually composed of Portland cement and water, and it binds together the fine 
and coarse aggregates. Supplementary cementing materials may also be included in the 
paste. A typical mixture is shown is figure 50. 
  
                                            
1 Source: Lafarge Coppee SA quoted in the Globe and Mail, October 20, 2000. 
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 When freshly mixed, it is plastic and malleable, allowing it to be poured into place 
and finished. Then, through a chemical reaction called hydration, the mixture hardens and 
gains strength to form the concrete it is seen in buildings, bridges, wind towers and other 
structures. 
 Portland cement is the key component of concrete and is produced by intergrinding 
clinker and gypsum into a fine grey powder. The cement-making process can be	  divided 
into two basic steps:	  
• Clinker is made in the kiln at temperatures of 1,450°C. 
• Clinker is then ground with other minerals to produce the powder known as cement. 
Figure 50 – Example of mixture for concrete. Source: The Portland Cement Association 
(www.cement.org). 
Figure 51 - Cement manufacture procedure. Source: International Energy Agency (www.iea.org). 
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 Different levels of energy are required to manufacture the different constituent 
materials of concrete. Among them, cement is the most significant component of the 
energy embodied in concrete. Producing one tonne of cement results in the emission of 
approximately one tonne of CO2, created by fuel combustion and the calcination of raw 
materials. Consequently, 85% 1  of the total CO2 emissions associated with concrete 
production are from cement manufacturing. 	   As far as recycling is concerned, a common misconception is that recycled concrete 
can have cement extracted out. Once cement clinker is made, the process is irreversible; 
no commercially viable processes exist to recycle cement [38].  
 Current technology allows recovered concrete to be used as aggregate in new 
concrete but new cement is always needed and [39] in most applications only a portion of 
recycled aggregate content can be used (regulations often limit recycled content). 
 Because recycled concrete does not relieve the use of Portland cement in concrete 
mix it does not necessarily produce many carbon credits in its function. Moreover, the 
sustainable outcome for recovering concrete depends upon the circumstances of 
individual contracts for supply. Generally, when transported by road, the use of recycled 
aggregates is only a lower carbon option than virgin aggregates when used within 15 km 
of their source [25].  
 
 Database source 8.2.2.
 Unfortunately, in the world of concrete, a non-profit organization which offers a 
statistical archive with historical and worldwide data about this material could not be found. 
However, a wide range of small sources containing information from very specific places 
was found. Among them, The Concrete Centre, providing data for UK, was the selected 
one, because it gives the most detail and transparent information. Nevertheless, other 
interesting found resources are presented, although they have not been used. 
  
 
 
                                            
1 Source: The Concrete Centre [25]. 
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Concrete	  environmental	  indicators	  
Information	  about	  the	  source	  
Name	   The	  Concrete	  Centre	  
Website	   www.concretecentre.com	  
Country	   United	  Kingdom	  
Material	   Indicator	   2008	   2009	   2010	   Units	  
Concrete	  
Embodied	  energy	   477.36	   451.08	   495.00	   MJ/tonne	  
Embodied	  CO2	   88.1	   84.3	   90.5	   kg	  CO2/tonne	  
Reinforced	  
concrete	  
Embodied	  energy	   -­‐	   532.44	   576.00	   MJ/tonne	  
Embodied	  CO2	   -­‐	   92.7	   98.9	   kg	  CO2/tonne	  
Table 35 – Information from The Concrete Centre. Source: Reference [25]. 
 
	  
Concrete	  environmental	  indicators	  
	   Information	  about	  
the	  source	  
Name	   Spanish	  Institute	  for	  Cement	  and	  its	  Applications	  
	  	   Website	   www.ieca.es	  
	  
Country	   Spain	  
	  
Indicator	   Product	   Year:	  2010	   Units	  
Co
nc
re
te
	  
Fabrication	  of	  raw	  
materials	  
Cement	   76.51	   kg	  CO2/tonne	  
Aggregate	   1.07	   kg	  CO2/tonne	  
Additives	   0.19	   kg	  CO2/tonne	  
Fabrication	  	   Concrete	   0.27	   kg	  CO2/tonne	  
Transport	   Concrete	   5.73	   kg	  CO2/tonne	  
TOTAL	   Concrete	   83.76	   kg	  CO2/tonne	  
Table 36 – Information from Spanish Institute for Cement and its Applications. Source: Reference [26]. 
 
	  
Concrete	  environmental	  indicators	  
	  
	   Information	  about	  the	  source	  
Name	   Sustainable	  Concrete	  
	  
	  
Website	   www.sustainableconcrete.org.uk	  
	  
	  
Country	   United	  Kingdom	  (2008)	  
	  
	  
Concrete	   Reinforcement	   Year:	  2010	  
	  
Co
nc
re
te
	   Trench	  foundations	   25	  kg	  steel	  /	  m
3	  concrete	   80	  
kg
	  C
O
2	  /
	  m
3	  
st
ee
l	  Reinforced	  foundations	   100	  kg	  steel	  /	  m3	  concrete	   132	  
Ground	  floors	   30	  kg	  steel	  /	  m3	  concrete	   133	  
Structural	  concrete	   100	  kg	  steel	  /	  m3	  concrete	   153	  
High	  strength	  concrete	   100	  kg	  steel	  /	  m3	  concrete	   176	  
Pr
ec
as
t	  
co
nc
re
te
	  
Dense	  concrete	  aggregate	  block	   -­‐	   75	  
Aerated	  concrete	  block	   -­‐	   240	  
Generic	  lightweight	  aggregate	  block	   -­‐	   120	  
Table 37 – Information from www.sustainableconcrete.co.uk. Source: Reference [27].
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9. Bill of materials 
 In previous chapters a structural design has been performed in order to estimate the 
amount of required material for each tower.  
 This chapter does not present any new information. It consists of a summary of all the 
results obtained so far. The purpose is to show and compare the amount of steel and concrete 
involved in each tower with its own foundation.  
 
9.1. Previous considerations 
 Whenever it has been necessary to change volume of materials to weight, the 
following densities have been used: 
 ρS = 7,850 kg/m3 (unity weight for steel). [23] 
 ρC = 2,350 kg/m3 (unity weight for concrete). [25] 
 ρRC = 2,500 kg/m3 (unity weight for reinforced concrete). [25] 
 
9.2. Tubular steel tower 
 Tower 9.2.1.
 Plates 9.2.1.1.
 Although commercial plates in steel market have a maximum length of 2.4m, this 
constrain has been neglected because it does not affect embodied CO2 or carbon. Thus, 
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for the purpose of estimating the weight of steel, several plates have been considered only 
because of the fact that they had different thickness.  
 
Steel	  plates	  
Cylinder	  #	   t	  [mm]	   ø	  [m]	   w	  [m]	   h	  [m]	   volume	  [m3]	   mass	  [kg]	  
1	   15	   3.30	   10.367	   20	   3.11	   24,414.9	  
2	   22	   3.55	   11.153	   20	   4.91	   38,521.3	  
3	   28	   3.85	   12.095	   20	   6.77	   53,170.2	  
4	   30	   4.25	   13.352	   20	   8.01	   62,886.8	  
5	   34	   4.50	   14.137	   20	   9.61	   75,464.2	  
	   	   	   Total	  m
3	  of	  steel	  	   32.4	  
	   	   	   Total	  kg	  of	  steel	  	   254,457.4	  
Table 38 – Weight of the steel plates. 
 
 Bolted connection flanges 9.2.1.2.
 In the present work, flanges have only been treated in a fatigue level. Consequently, 
their thickness and number of required bolts have not been estimated.  
 Two flanges coming from a real model of wind tower [3] have been considered with 
the only purpose of determining how much energy input do they require compared with the 
rest of the tower. Although these flanges may not exactly fit with the achieved designed, 
the dimensional difference is not expected to entail a big change in weight and thus 
embodied energy. 
Figure 52 – Considered shape of the plates. 
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 It should be noted that every connection requires two flanges, one at each section 
of the tower. 
Flanges	  
Item	   Units	   Volume	  [m3]	   kg	  per	  unit	   Subtotal	  
A	   2	   0.168	   13189.95	   26,379.9	  
B	   2	   0.087	   6794.54	   13,589.1	  
TOTAL	  kg	  of	  steel	   39,969.0	  
Table 39 – Weight of the steel flanges. 
 
 Weight and quantity of bolts, nuts and washers involved in the two flange 
connections are showed in the following table.  
Steel	  fasteners	  
Item	   Specification	   Standard	   Units	   kg	  per	  unit	   Subtotal	  
Bolt	   M42	  x	  245mm	  10.9	   DIN	  931	   124	   3.18	   394.3	  
Bolt	   M36	  x	  205mm	  10.9	   DIN	  931	   116	   1.95	   226.2	  
Nut	   M42	  10.9	   DIN	  555	   124	   0.65	   80.6	  
Nut	   M36	  10.9	   DIN	  555	   116	   0.39	   45.2	  
Washer	   M42	  10.9	   DIN	  125-­‐A	   248	   0.18	   44.6	  
Washer	   M36	  10.9	   DIN	  125-­‐A	   232	   0.09	   20.9	  
TOTAL	  kg	  of	  steel	   811.9	  
Table 40 – Weight of the fasteners. 
 
 A sketch of the flanges used can be found in annex F – Detail of the flanges used in 
the tubular tower. 
 Overall results concerning the tower are summarized hereby: 
 
 
Summary	  of	  steel	  tower	  
Plates	   254.457	  
Fasteners	   0.812	  
Flanges	   39.969	  
TOTAL	  tonnes	   295.238	  
 
Plates'
86%'
Fasteners(
0%( Flanges'
14%'
Graph 14 – Total weight of the tubular steel tower. 
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 Foundations 9.2.2.
 The table below shows the amount of materials necessary to build the foundations. 
	  
Foundations	  
	  
Reinforcing	  steel	  
	   Units	   Ø	  [mm]	   length	  l	  [m]	   Volume	  V	  [m
3]	   Weight	  W	  [kg]	  
Bars	   466	   25	   20	   4.57	   35,913.31	  
Stirrups	   128	   15	   44	   1.00	   7,812.76	  
	   SUBTOTAL	  Reinforcement	   5.57	   43,726.08	  
	  
Concrete	  
	  
width	  w	  [m]	   length	  l	  [m]	   height	  h	  [m]	   Volume	  V	  [m3]	   Weight	  W	  [kg]	  
	  
20	   20	   2	   794	   1,866,910.03	  
	   	  	  
	  
Total	  weight	  in	  tonne	   1,910.64	  
Table 41 – Materials embodied in the foundations for the tubular steel tower. 
 
 Overall results 9.2.3.
 Summary of results for the tubular steel tower. Information is given separated either 
by material or by part (tower and foundation). 
TOTAL	  weight	  per	  part	  	  
Tower	   295	  
Foundations	   1,911	  
TOTAL	  tonnes	   2,206	  
TOTAL	  weight	  per	  material	  
Steel	   338.964	  
Concrete	   1,866.910	  
TOTAL	  tonnes	   2,206	  
 
  
 
 
 
 
Graph 15 – Materials embodied in a 100m height tubular steel tower. 
Tower&
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9.3. Prestressed concrete tower 
 Tower 9.3.1.
 For the purpose of estimating the amount of materials involved in the tower, the 
same approach used in the tubular steel tower has been used. 
  
Prestressed	  concrete	  tower	  
Cylinder	  #	   t	  [mm]	   ø	  [m]	   w	  [m]	   h	  [m]	   volume	  [m3]	   mass	  [tonne]	  
1	   290	   4.00	   12.566	   20	   72.88	   182.2	  
2	   360	   4.75	   14.923	   20	   107.44	   268.6	  
3	   420	   5.3	   16.650	   20	   139.86	   349.7	  
4	   460	   6	   18.850	   20	   173.42	   433.5	  
5	   500	   6.50	   20.420	   20	   204.20	   510.5	  
	   	   Total	  m
3	  of	  concrete	  	   697.8	  
	   	   Total	  tonnes	  of	  concrete	  	   1,744.5	  
Table 42 – Weight of the concrete (without tendons) embodied in the prestressed concrete tower. 
 
 The weight of the tendons is determined in the expression below: 𝑊𝑒𝑖𝑔ℎ𝑡 = 𝐴! · 𝑛! · ℎ!"#$% · 𝜌!"##$ = 79.13  𝑡𝑜𝑛𝑛𝑒 
 Where: 
  Ap is the nominal area of a tendon. 
  nt is the number of tendons of the cross-section. 
  htower  is the height of the tower. 
  ρsteel is the density of the steel. 
 
 
 
 
 
 
Concrete(
segments(
96%(
Prestressing)
tendons)
4%)
Graph 16 – Total weight of the prestressed concrete tower. 
Concrete(segments 1,744.526
Prestressing(tendons 72.534
TOTAL%tonnes 1,817.060
Prestressed%concrete%tower
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 Foundations 9.3.2.
 The table below shows the amount of materials necessary to build the foundations. 
	  
Foundations	  
	  
Reinforcing	  steel	  
	   Units	   Ø	  [mm]	   length	  l	  [m]	   Volume	  V	  [m
3]	   Weight	  W	  [kg]	  
Bars	  
288	   25	   15	   2.12	   16,646.51	  
146	   12	   15	   0.25	   1,944.31	  
Stirrups	   192	   15	   34	   1.15	   9,055.70	  
	   SUBTOTAL	  Reinforcement	   3.52	   27,646.53	  
	  
Concrete	  
	  
width	  w	  [m]	   length	  l	  [m]	   height	  h	  [m]	   Volume	  V	  [m3]	   Weight	  W	  [kg]	  
	  
15	   15	   2	   446	   1,049,223.65	  
	   	  	  
	  
Total	  weight	  in	  tonne	   1,076.87	  
Table 43 – Materials embodied in the foundations of the prestressed concrete tower. 
 
 Overall results 9.3.3.
 Summary of results for the prestressed concrete tower. Information is given 
separated either by material or by part (tower and foundation). 
TOTAL	  weight	  per	  part	  
Tower	   1,817.060	  
Foundations	   1,076.870	  
TOTAL	  tonnes	   2,893.931	  
TOTAL	  weight	  per	  part	  
Steel	   100.181	  
Concrete	   2,793.750	  
TOTAL	  tonnes	   2,893.931	  
 
 
 
 
 
Graph 17 – Materials embodied in a 100m height prestressed concrete tower. 
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10. Life Cycle Assessment 
 LCA is a method used to assess environmental aspects and potential impacts of a product. 
It is a valuable tool to provide an understanding of environmental properties of a product. However, 
some of the most essential limitations are: 
• Many selections and assumptions must be made (i.e. selection of system boundaries and 
data sources), which might be subjective. 
• The accuracy of a LCA will depend on the access to or the existence of relevant and liable 
data. 
 In this case, LCA has been used to present a technical estimate of the environmental 
consequences of wind turbines. All of the considered assumptions and simplifications as well as 
sources of information are widely described along this chapter. 
 
10.1. Goal and scope definition 
 The main objective of the study is to calculate relevant parameters related to energy 
consumption such as CO2 emissions and energy payback time of two different 100m hub 
height wind turbines, with a tower made either of steel or concrete. 
 
 Functional unit 10.1.1.
 The selected functional unit is 1 kW·h of electricity generated at consumers place 
with the selected turbines. Therefore, all the impacts are estimated for this functional unit, 
which makes the results comparable with results from LCAs from other electricity 
production technologies. 
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 Process flow chart 10.1.2.
 In this LCA, the entry life cycle of wind turbines is considered from manufacture 
components until they are decommissioned.  
 The flow chart of the turbine is represented in figure 53.  
 
 It should be noted that operation and maintenance are not included in this LCA.  
 The operation of the turbine requires almost no resource since the turbine uses the 
energy contained in the wind to produce electricity without emitting any kind of pollutant. 
Nevertheless some energy is needed for a yaw system operation, which is used for turning 
the wind turbine rotor against the wind.  
 The energy consumption due to the maintenance is mainly fuel consumption as far 
as maintenance is mainly transportation of the personnel to the site for regular check up of 
the turbine.  
 Due to the lack of specific data, both issues have been neglected. However, similar 
studies [35] reveal that this input of energy and CO2 is seldom relevant. 
  
Figure 53 – Flow chart of the LCA. Source: Ref [36]. 
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10.2. Life cycle inventory analysis 
 Manufacturing 10.2.1.
 Manufacturing consists of the construction of the main components of the wind 
turbine: rotor, nacelle, tower and foundation. Among these parts, only last two, which are 
responsible of more than 80% of total energy requirement [35], have been considered. 
 Manufacturing phase includes the upstream process such as mining, refining, 
processing and transport of raw materials. Moreover, removal is also included and it is 
treated in terms of credits.  
 
 Boxed steps in the flow chart mean that they are included in the considered 
coefficients for the energy and carbon intensity of materials. Coefficients used in this study 
are summarized in the following table. 
 
Material	   MJ/kg	   kg	  CO2/kg	   Removal	  scenario	  
Steel	  plate	   11.78	   0.80	   100%	  Recovered:	  11%	  reused,	  88%	  recycled,	  1%	  loss.	  
Steel	  reinforcement	   12.42	   0.87	   100%	  Recovered:	  11%	  reused,	  88%	  recycled,	  1%	  loss.	  
Concrete	   0.50	   0.091	   5.8%	  recycled	  
Reinforced	  concrete	   0.53	   0.099	   5.8%	  recycled	  
Table 44 – Energy and carbon intensity for materials. 
  
Figure 54 – Manufacturing process in the LCA. Source: Ref [36]. 
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 Tubular steel tower 10.2.1.1.
 Materials to build the tubular steel tower have been divided in three groups: steel 
plates to produce the rings of the tower, concrete for the foundation and reinforcing bars 
for concrete. 
Tubular	  steel	  tower	  
Material	   Weight	  [tonnes]	   Carbon	  intensity	  [tonne]	  
Energy	  
intensity	  [GJ]	  
Steel	  plates	   295.24	   236.2	   3,477.9	  
Concrete	   1,866.91	   169.9	   933.5	  
Reinforcing	  bars	   43.73	   38.0	   543.1	  
Total	  tonnes	  CO2	  embodied	   444.12	  
Total	  GJ	  embodied	   4,954.4	  
Table 45 – Embodied energy and CO2 for the tubular steel tower. 
 
 In the table below, results are presented separately by part: 
Part	   CO2	   Energy	  
Tower	   236.191	   3,477.9	  
Foundations	   207.930	   1,476.5	  
TOTAL	   444.12	  tonne	   4,954.44	  GJ	  
Table 46 – Results separated by part. 
 
 Prestressed concrete tower 10.2.1.2.
 For the prestressed concrete tower, materials have been divided in four groups. It 
should be noted that for the purpose of determining carbon and energy required, concrete 
segments have been considered as reinforced concrete. Although it has not been 
considered in the structural design, precast concrete include a minimum amount of 
reinforcement. Thus, since the amount of steel is unknown, they have been treated with 
global statistics about reinforced concrete. Concerning the steel tendons, exact reliable 
data about steel wires could not be found. For these reason, tendons have been treated as 
reinforcing steel. 
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Prestressed	  concrete	  tower	  
Material	   Weight	  [tonnes]	  
Carbon	  
intensity	  
[tonne]	  
Energy	  
intensity	  [GJ]	  
Concrete	  
segments	   1,744.53	   172.7	   924.6	  
Steel	  tendons	   72.53	   63.1	   900.9	  
Reinforcing	  bars	   27.65	   24.1	   343.4	  
Concrete	   1,049.22	   95.5	   524.6	  
Total	  tonnes	  CO2	  embodied	   355.34	  
Total	  GJ	  embodied	   2,693.5	  
Table 47 – Embodied energy and CO2 for the prestressed concrete tower. 
 
 In the table below, results are presented separately by part: 
Part	   CO2	   Energy	  
Tower	   235.813	   1,825.5	  
Foundations	   119.532	   868.0	  
TOTAL	   355.34	  tonne	   2,693.45	  GJ	  
Table 48 – Results separated by part. 
  
 To compare the results obtained with both towers, information has been plotted in 
graphs: 
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Graph 18 – Embodied CO2 in manufacturing the tower. 
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 Transport and erection 10.2.2.
 This phase includes the transportation of the different parts from the factory gate to 
the turbine site, the erection of these parts by a crane and the dismantling of the turbine 
once it has reached the end of its service life. The resource used is therefore mainly fuel 
(diesel).  
 
 
 
Figure 55 – Transport and erection in the LCA. Source: Ref [35]. 
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Graph 19 – Embodied energy in manufacturing the tower. 
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 From factory gate to turbine location  10.2.2.1.
 Each material is assumed to be transported from the manufacture facility to the site 
by road truck. The considered distance depends on the material: for concrete products, 
data from The Concrete Centre [25] has been used; for steel products, it has been 
assumed that reinforcing is produced locally while steel plates can only be affordable if 
they are inside a radius of 200 km. 
  In order to obtain a good approximation of the energy consumption and the 
emissions, two approaches have been considered.  
 In the first one, a calculation tool from www.ecotransit.org has been used. 
 
 
Table 49 - Embodied energy and CO2 in transport #1. 
 
 In the second one, an ecological database of the Federal Ministry for Transport, 
Building and Urban Development provided by the Institute Construction and Environment 
of Germany has been used.  
 
Data	  for	  transport	  of	  1	  tonne	  per	  km	  	   Truck	   Train	   Containership	  
Primary	  Energy	  not	  renewable	  (MJ)	   9.45E-01 3.02E-01 1.90E-­‐01	  
GWP100	  (kg	  CO2	  eqv)	   6.52E-02 1.57E-02 1.55E-­‐02	  
Table 50 - Source: Federal Ministry for Transport, Building and Urban Development of Germany. 
Material Weight+[tonne] Distance+[km] Embodied+energy+
[MJ]
Embodied+CO2+
[tonne]+
Precast(concrete 1,738.24 119.0 199,881.0 12.24
Ready8mix(concrete 1,049.63 10.5 10,847.0 0.69
Steel(rebars 26.30 30.0 492.0 0.03
Steel(tendons 72.53 30.0 2,207.0 0.14
Ready8mix(concrete 1,867.30 10.5 19,288.0 1.22
Steel(plates 290.80 180.0 49,936.0 3.01
Steel(rebars 42.41 30.0 792.0 0.05
213,427 13.10
70,016 4.28
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Total+Steel+Tower
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 It should be pointed out that results obtained with both sources are almost the 
same. Thus, for simplicity, the second approach has been selected. 
 
 Erection 10.2.2.2.
 This part includes the construction of foundation and the erection and assembling of 
the tower, rotor and nacelle. Fuel consumption of the required crane to build up the tower 
is the main energy input and thus the only one that has been considered. 
 
 Limitation: the energy to realize foundation or assemble rotor and nacelle has been 
neglected. 
 Information related with fuel consumption of the crane come from reference [9]. 
Tower	   Fuel	  [$]	   Embodied	  energy	  [MJ]	  
Embodied	  CO2	  
[tonne]	  	  
Tubular	  steel	   1,267	   94,807.99	   8.46	  
Precast	  concrete	   11,146	   834,040.91	   74.42	  
Table 52 - Embodied energy and CO2 in erection. 
Table 51 - Embodied energy and CO2 in transport #2. 
Figure 56 – Required crane to erect the tower. 
Material Weight+[tonne] Distance+[km] Embodied+energy+
[MJ]
Embodied+CO2+
[tonne]+
Precast(concrete 1,744.53 119.0 196,180.7 13.54
Ready9mix(concrete 1,049.22 10.5 10,410.9 0.72
Steel(rebars 27.65 30.0 783.8 0.05
Steel(tendons 72.53 30.0 2,056.3 0.14
Ready9mix(concrete 1,866.91 10.5 18,524.4 1.28
Steel(plates 295.24 180.0 50,220.0 3.46
Steel(rebars 43.73 30.0 1,239.6 0.09
209,432 14.45
69,984 4.83
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 The conversion of dollar $ into MJ and CO2 is showed below: 
1.55   $𝑔𝑎𝑙𝑙𝑜𝑛 · 1  𝑔𝑎𝑙𝑙𝑜𝑛3.7  𝑙 · 1  𝑙0.75  𝑘𝑔 
 
 Where 1.55 $/gallon is the average price of diesel in USA during 2002 – 2004. 
Source: http://www.eia.gov/ “U.S. Energy Information Administration”. 
 
 Dismantling 10.2.2.3.
 After the 20 years of considered service life, it has been assumed that recycling 
station, land filing and incineration plant are situated on average at 200 km away from the 
site. This means that for each recycled tonne, 200 km of transportation are accounted for. 
 Information showed in the following table has been calculated using the 2nd 
approach for transport mentioned previously.  
 
Tower	   Weight	  [tonne]	   Embodied	  energy	  [MJ]	   Embodied	  CO2	  [tonne]	  	  
Tubular	  steel	   2,206	   416,910.25	   28.76	  
Precast	  concrete	   2,894	   546,952.88	   37.74	  
Table 53 - Embodied energy and CO2 in dismantling. 
 
10.3. Life cycle implementation 
 Total results 10.3.1.
 The total cumulative energy requirements for both turbines for the entire life cycle 
are represented in the following table. 
 
	  	   Steel	  tower	   Concrete	  tower	  
Part	   CO2	   Energy	   CO2	   Energy	  
Production	   444.1	   4,954.4	   355.3	   2,693.5	  
Transport	   4.8	   70.0	   14.4	   209.4	  
Erection	   8.5	   94.8	   74.4	   834.0	  
Dismantling	   28.8	   416.9	   37.7	   547.0	  
	  
486.17	  tonne	   5,536.14	  GJ	   481.96	  tonne	   4,283.88	  GJ	  
Table 54 – Total cumulative energy requirements. 
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 Specific results 10.3.2.
 According to chapter 7, the electricity which a wind turbine may produce considering 
a service life of 20 year is: 𝑇𝑜𝑡𝑎𝑙  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 126.14  𝐺𝑊 · ℎ 
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 The quantity of CO2 emitted to generate one kW·h of electricity has been obtained 
dividing total emissions to produce the tower by the electricity which is expected to be 
produced.  
𝑆𝑡𝑒𝑒𝑙  𝑇𝑜𝑤𝑒𝑟 = 486.17  𝑡𝑜𝑛𝑛𝑒  126.14  𝐺𝑊 · ℎ = 3.85  𝑔  𝐶𝑂! 𝑘𝑊 · ℎ  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒  𝑇𝑜𝑤𝑒𝑟 = 481.96  𝑡𝑜𝑛𝑛𝑒  126.14  𝐺𝑊 · ℎ = 3,82  𝑔  𝐶𝑂! 𝑘𝑊 · ℎ  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 
 
 According to chapter 7, a wind turbine may have a monthly production of 
approximately: 
𝑀𝑜𝑛𝑡ℎ𝑙𝑦  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =    𝑇𝑜𝑡𝑎𝑙  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦20  𝑦𝑒𝑎𝑟 · 12  𝑚𝑜𝑛𝑡ℎ = 526  𝑀𝑊 · ℎ 
 
 Then, changing the energy required to MW·h, it is found that initial investment of 
energy to built the tower will be recovered approximately within 3months for the tubular 
steel tower and 2 months for the prestressed concrete tower. 
 
Tower	   Embodied	  energy	  [GJ]	  
Embodied	  
energy	  [MW·∙h]	  
Monthly	  production	  
[MW·∙h]	  
Months	  to	  recover	  
initial	  energy	  
Energy	  ratio	  
[output/input]	  
Steel	  tower	   5,536.14	   1,537.82	   526	   2.9	   82.0	  
Concrete	  tower	   4,283.88	   1,189.97	   526	   2.3	   106.0	  
Table 55 – Energy payback. 
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11. Parametric study 
 The parametric study shown in the table below is obtained using the “main 
characteristic values” for loading, which are:  
• The lower margin is obtained using the characteristic load that is 20% smaller than 
“the main characteristic values” for the load. 
• The upper margin is obtained using the characteristic load that is 20% larger than 
“the main characteristic values” for the load.   
 
	   Steel	  tower	  
	   Lower	  margin	   Mean	   Upper	  margin	  
	   CO2	  [tonne]	   Energy	  [GJ]	   CO2	  [tonne]	   Energy	  [GJ]	   CO2	  [tonne]	   Energy	  [GJ]	  
Production	   384.84	   4,236.69	   444.12	   4,954.44	   490.51	   5,474.48	  
Transport	   4.17	   60.45	   4.83	   69.98	   5.29	   76.73	  
Erection	   7.20	   80.67	   8.46	   94.81	   9.24	   103.53	  
Dismantling	   25.72	   372.79	   28.76	   416.91	   31.71	   459.58	  
TOTAL	   421.93	   4,750.60	   486.17	   5,536.14	   536.75	   6,114.32	  
Table 56 – Parametric study for the tubular steel tower. 
 
	   Concrete	  tower	  
	   Lower	  margin	   Mean	   Upper	  margin	  
	   CO2	  [tonne]	   Energy	  [GJ]	   CO2	  [tonne]	   Energy	  [GJ]	   CO2	  [tonne]	   Energy	  [GJ]	  
Production	   305.74	   2,342.97	   355.34	   2,693.45	   420.36	   3,374.14	  
Transport	   12.14	   175.99	   14.45	   209.43	   14.86	   60.45	  
Erection	   62.57	   701.23	   74.42	   834.04	   75.62	   847.39	  
Dismantling	   32.15	   465.96	   37.74	   546.95	   42.31	   613.16	  
TOTAL	   412.60	   3,686.16	   481.96	   4,283.88	   553.13	   4,895.14	  
Table 57 – Parametric study for the prestressed concrete tower.
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12. Comparison with previous studies 
 In this chapter, results obtained in this master thesis are contrasted with similar studies 
performed from other authors.  
 It should be noted that these studies come from articles published in scientific journals, 
which means that their methodology as well as sources of information have been revised before 
being published. 
  
12.1. Bill of materials 
#	   Source	   Material	   Hub-­‐height	  [m]	  
Power	  rate	  
[MW]	  
Tower	  	  	  	  	  	  	  	  	  	  
weight	  [tonne]	  
Foundation	  
weight	  [tonne]	  
1	   Master	  Thesis	   Steel	   100	   3.6	   295.2	   1,910.6	  
2	   Master	  Thesis	   Precast	  concrete	   100	   3.6	   1,817.1	   1,076.9	  
3	   Ref	  [32]	   Steel	   100	   3.0	   274.0	   2,121.0	  
4	   Ref	  [32]	   Steel	   100	   5.0	   389.0	   2,121.0	  
5	   Ref	  [32]	   Slip	  formed	  concrete	   100	   3.0	   916.0	   2,121.0	  
6	   Ref	  [32]	   Slip	  formed	  concrete	   100	   5.0	   1,421.0	   3,367.0	  
7	   Ref	  [35]	   Steel	   105	   2.0	   224.0	   1,216.0	  
8	   Ref	  [35]	   Steel	   65	   1.8	   134.0	   375.0	  
9	   Ref	  [40]	   Steel	   60	   0.9	   70.0	   495.0	  
10	   Ref	  [40]	   Steel	   80	   3.0	   160.0	   1,176.0	  
Table 58 – Bill of materials from different studies. 
 
 Although most of the towers have a height of 100m, it is difficult to draw conclusions 
about weight of materials since not all of them have been designed under the same 
hypothesis. As it has been shown along this paper, weight of the tower critically depends 
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upon its location and how wind behavior is modeled. Moreover, power rate of the turbine 
also influences the tower: as power rate increases, a heavier rotor will have to be handled. 
 As for foundations, a part from being a function of the tower, their size depends 
significantly on the assumed soil conditions.   
 However, comparing only steel and concrete, for the same hub height and power 
rate, is quite clear that concrete towers tend to be heavier and this difference becomes 
more accentuated as towers are bigger. 
 
12.2. Embodied energy and CO2 
 Using the same methodology as described in this master thesis and considering the 
same cope for the LCA, embodied energy and CO2 emissions have been calculated.  
 The first column of the tables corresponds to the numeration presented in table 58.  
Embodied	  carbon	  dioxide	  [tonne	  CO2]	  
#	   Production	   Transport	   Erection	   Dismantling	   TOTAL	  
1	   444.12	   4.83	   8.46	   28.76	   486.17	  
2	   355.34	   14.45	   74.42	   37.74	   481.96	  
3	   429.18	   4.67	   7.85	   31.23	   472.93	  
4	   521.18	   6.02	   11.15	   32.73	   571.07	  
5	   319.66	   6.25	   37.52	   39.60	   403.04	  
6	   506.60	   9.86	   58.20	   62.44	   637.09	  
7	   299.58	   3.46	   6.42	   18.78	   328.24	  
8	   144.33	   1.83	   3.84	   6.64	   156.63	  
9	   105.01	   1.16	   2.01	   7.37	   115.54	  
10	   244.42	   2.68	   4.58	   17.42	   269.11	  
Table 59 – Embodied CO2 from different studies. 
 
Embodied	  energy	  [GJ]	  
#	   Production	   Transport	   Erection	   Dismantling	   TOTAL	  
1	   4,885.99	   69.20	   94.81	   415.90	   5,465.89	  
2	   2,673.59	   208.69	   834.04	   545.59	   4,261.91	  
3	   4,351.85	   67.65	   89.33	   452.66	   4,961.49	  
4	   5,706.55	   87.21	   126.82	   474.39	   6,394.98	  
5	   2,208.09	   90.64	   421.91	   573.99	   3,294.63	  
6	   3,500.51	   142.85	   654.51	   904.93	   5,202.80	  
7	   3,283.20	   50.17	   73.03	   272.16	   3,678.56	  
8	   1,777.27	   26.51	   43.69	   96.20	   1,943.67	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9	   1,086.95	   16.82	   22.82	   106.79	   1,233.38	  
10	   2,508.08	   38.88	   52.16	   252.50	   2,851.63	  
Table 60 – Embodied energy from different studies.  
 
12.3. Specific results 
 To compare results, emissions have been expressed in terms of the functional unit 
defined in LCA.  
 Considered parameters to assume electricity produced: 
• Minimum service life of 20 years. 
• Capacity factor of 0.2. 
 
#	   Material	   Power	  rate	  [MW]	  
Monthly	  
production	  
[MW·∙h]	  
Energy	  
payback	  
[months]	  
g	  CO2	  /	  
kW·∙h	  
Energy	  ratio	  
[output	  /	  
input]	  
1	   Steel	   3.6	   525.60	   2.9	   3.85	   82.03	  
2	   Precast	  concrete	   3.6	   525.60	   2.3	   3.82	   106.01	  
3	   Steel	   3.0	   438.00	   3.1	   4.50	   76.29	  
4	   Steel	   5.0	   730.00	   2.4	   3.26	   98.66	  
5	   Slip	  formed	  concrete	   3.0	   438.00	   2.1	   3.83	   114.91	  
6	   Slip	  formed	  concrete	   5.0	   730.00	   2.0	   3.64	   121.28	  
7	   Steel	   2.0	   292.00	   3.5	   4.68	   68.60	  
8	   Steel	   1.8	   262.80	   2.1	   2.48	   116.86	  
9	   Steel	   0.9	   124.10	   2.8	   3.88	   86.96	  
10	   Steel	   3.0	   438.00	   1.8	   2.56	   132.74	  
Table 61 – Specific results obtained from different studies. 
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13. Comparison with other sources of energy 
 In this chapter, results for the energy payback time and CO2 emissions for different sources 
of energy, wind power included, are presented. These data vary enormously depending on the 
accuracy of the life cycle study. For this reason, several LCA studies with sources of information 
clearly highlighted are shown. 
 
13.1. CO2 emissions 
#1 – Electricity production from renewable and non-renewable energies 
• Source: Cameco Corporation [40]. 
• Date: October 2010. 
 
	  
g	  CO2/kW·∙h	  
Technology	   Mean	   Low	   High	  
Lignite	   1,054	   790	   1,372	  
Coal	   888	   756	   1,310	  
Oil	   733	   547	   935	  
Natural	  gas	   499	   362	   891	  
Solar	  PV	   85	   13	   731	  
Biomass	   45	   10	   101	  
Nuclear	   29	   2	   130	  
Hydroelectric	   26	   2	   237	  
Wind	   26	   6	   124	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#2 – Electricity production from renewable and non-renewable energies 
• Source: Energy Policy Journal [41]. 
• Year: 2008 
 
Technology	   Capacity/configuration/fuel	   CO2	  /	  kW·∙h	  
Wind 2.5	  MW,	  offshore	  	   9	  
Hydroelectric	   3.1	  MW,	  reservoir	  	   10	  
Wind	   1.5	  MW,	  onshore	  	   10	  
Biogas Anaerobic	  digestion	  	   11	  
Hydroelectric	   300	  kW,	  run-­‐of-­‐river	  	   13	  
Solar	  thermal	   80	  MW,	  parabolic	  trough	  	   13	  
Biomass	   Forest	  wood	  Co-­‐combustion	  with	  hard	  coal	  	   14	  
Biomass	   Forest	  wood	  steam	  turbine	   22	  
Biomass	   Short	  rotation	  forestry	  Co-­‐combustion	  with	  hard	  coal	  	   23	  
Biomass FOREST	  WOOD	  reciprocating	  engine	  	   27	  
Biomass	   Waste	  wood	  steam	  turbine	   31	  
Solar	  PV	   Polycrystalline	  silicone	  	   32	  
Biomass	   Short	  rotation	  forestry	  steam	  turbine	  	   35	  
Geothermal	   80	  MW,	  hot	  dry	  rock	  	   38	  
Biomass	   Short	  rotation	  forestry	  reciprocating	  engine	  	   41	  
Nuclear	   Various	  reactor	  types	  	   66	  
Natural	  gas	   Various	  combined	  cycle	  turbines	  	   443	  
Fuel	  cell	   Hydrogen	  from	  gas	  reforming	  	   664	  
Diesel	   Various	  generator	  and	  turbine	  types	  	   778	  
Heavy	  oil	   Various	  generator	  and	  turbine	  types	  	   778	  
Coal	   Various	  generator	  types	  with	  scrubbing	  	   960	  
Coal	   Various	  generator	  types	  without	  scrubbing	   1,050	  
 
# 3– Electricity production from renewable and non-renewable energies 
• Source: World Nuclear Association [42]. 
 
	  
g	  CO2	  /	  kW·∙h	  
Technology	   Japan	   Sweden	   Finland	   UK	   EU	  
Coal	   990	   980	   894	   891	   851	  
Gas	  Thermal	   653	   1170	   -­‐	   -­‐	   -­‐	  
Gas	  Combined	  Cycle	   -­‐	   450	   472	   356	   362	  
Solar	  Photovoltaic	   59	   50	   95	   -­‐	   53	  
Wind	   37	   5.5	   14	   -­‐	   6.5	  
Nuclear	   22	   6	   10	  -­‐	  26	   16	   19.7	  
Hydro	   18	   3	   -­‐	   -­‐	   -­‐	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# 4– Electricity production from non-renewable energies 
• Source: International Energy Agency [43]. 
• Year: 2011 
 
Fuel	   g	  CO2	  /	  kW·∙h	  
Anthracite	  *	   835	  
Coking	  coal	  *	   715	  
Other	  bituminous	  coal	   830	  
Sub-­‐bituminous	  coal	   920	  
Lignite	   940	  
Patent	  fuel	   890	  
Coke	  oven	  coke	  *	   510	  
BKB/peat	  briquettes	  *	   	  500-­‐1100	  
Gas	  works	  gas	  *	   380	  
Coke	  oven	  gas	  *	   390	  
Blast	  furnace	  gas	  *	   2100	  
Oxygen	  steel	  furnace	  gas	  *	   1900	  
Natural	  gas	   370	  
Crude	  oil	  *	   610	  
Natural	  gas	  liquids	  *	   500	  
Liquefied	  petroleum	  gases	  *	   600	  
Kerosene	  *	   650	  
Gas/diesel	  oil	  *	   650	  
Fuel	  oil	   620	  
Petroleum	  coke	  *	   970	  
Peat	  *	   560	  
Industrial	  waste	  *	   	  450-­‐1300	  
Municipal	  waste	  (non-­‐renewable)	  *	   	  450-­‐2500	  
* These fuels represent less than 1% of electricity and heat output in the OECD. 
 
# 5– Electricity production from renewable and non-renewable energies 
• Source: Oxford Research Group [44]. 
• Year: 2008 
 
Technology	  (2005	  -­‐	  2020)	   g	  CO2/kW·∙h	  
Coal	   755	  
Natural	  Gas	   385	  
Biomass	   29	  -­‐	  62	  
Wind	   11	  -­‐	  37	  
Nuclear	  (OECD)	   11	  -­‐	  22	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# 6– Electricity production from renewable and nuclear energy cycles 
• Source: World Energy Council [45]. 
• Year: 2004 
 
Technology	   Load factor  g CO2 / kW·h 
Solar photovoltaic  
Australia, amorphous multicrystaline  - 104 
Germany, monocrystaline - 55 
Germany, multicrystaline - 51 
Italy, monocrystaline - 43 
Italy, multicrystaline - 51 
Italy, amorphous - 44 
Italy, GIGS - 45 
USA, amorphous - 12,5  
Hydro with reservoir  
Africa  64%  8-15 
Itaipu, Brazil  68% 3,5-6,5 
Churchill, Canada  73%  10-19  
Petit Saut, Guayana  55% 60-120  
Hydro, river system  
La Grande, Canada  58% 33 
Luleå, Sweden  34% 5,1  
Umeå, Sweden  51% 4 
Wind  
Australia, onshore  21% 12,2  
Denmark, onshore  25% 14,5  
Denmark, offshore  29% 22 
Finland, onshore  23% 8,4  
Germany, onshore  25% 6,9  
 
13.2. Energy payback 
# 1– Energy payback ratios for electricity technologies 
• Year: 2008 
• Source: [46] 
 
Technology Coal Gas Solar0PV Nuclear Wind Hydro
U.#of#Wisconsin 11 4 6 16 23 0
World#Energy#Council# 5–11 2–4 6 16 9–20 0
Hydro0Québec 2–7 2–5 3–6 14–16 18–34 170–280
Energy0ratio0[output/input]
So
ur
ce
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# 2– Energy payback ratios for electricity technologies 
• Source: World Nuclear Association [42]. 
 
Technology	   Source	   Energy	  Ratio	  (output/input)	  
Hydro	  
Uchiyama	  1996	   50	  
Held	  et	  al	  1977	   43	  
Gagnon	  et	  al	  2002	   205	  
Nuclear	  
(centrifuge	  
enrichment)	  
Kivisto	  2000	   59	  
Inst.	  Policy	  Science	  1977*	   46	  
Inst.	  Policy	  Science	  1977*	   43	  
Uchiyama	  et	  al	  1991*	   47	  
Nuclear	  
(diffusion	  
enrichment)	  
Held	  et	  al	  1977	   20	  
Kivisto	  2000	   17	  
Uchiyama	  1996	   24	  
Oak	  Ridge	  Assoc.Univ.	  1976*	   15.4	  
Oak	  Ridge	  Assoc.Univ.	  1976*	   16.4	  
Uchiyama	  et	  al	  1991*	   10.5	  
Coal	  
Kivisto	  2000	   29	  
Uchiyama	  1996	   17	  
Uchiyama	  et	  al	  1991*	   16.8	  
Gagnon	  et	  al	  2002	   7	  
Kivisto	  2000	   34	  
Natural	  gas	  
Kivisto	  2000	   26	  
Gagnon	  et	  al	  2002	   5	  
Uchiyama	  et	  al	  1991*	   5.6	  
Uchiyama	  1996	   6	  
Solar	   Held	  et	  al	  1997	   10.6	  
Solar	  PV	  
Alsema	  2003	   10	  -­‐	  12	  
Alsema	  2003	   7.5	  
Kivisto	  2000	   3.7	  
Wind	  
Resource	  Research	  Inst.1983*	   12	  
Uchiyama	  1996	   6	  
Kivisto	  2000	   34	  
Gagnon	  et	  al	  2002	   80	  
Aust	  Wind	  Energy	  Assn	  2004	   50	  
Nalukowe	  et	  al	  2006	   20.24	  
Vestas	  2006	   35.3	  
* In IAEA 1994, TecDoc 753 
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# 2– Energy payback ratio of electricity generation options 
• Source: Hydro Québec [47]. 
 Energy source and generation technology: 
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14. Final remarks and conclusions 
The MSc has performed to fulfill the following objectives: 
1. To perform a comprehensive comparative analysis of two towers for the wind 
turbine, of nominal 3,6 MW capacity, using the same equivalent load. The main 
characteristic loads used are: 
• Gravity load of the turbine 800 kN, and the corresponding gravity load of the 
tower and foundations. 
• Equivalent characteristic horizontal force: 1000 kN. 
• Equivalent horizontal fatigue load: 200 kN, acting in one direction and 
producing the amplitude of the stresses corresponding to (0 kN  and  200 kN 
characteristic horizontal force). 
2.  To collect relevant data for the sustainability assessment. These values provide a 
valuable database of information collected from Internet, a private correspondence 
and available reference literature.  
3. To make a short parametric study and investigate the sensitivity of the results 
obtained. It is shown that CO2 emission is at the level of 2%±  for both towers.  The 
energy used during the production, transport, erection end dismantling is about 20% 
larger for the steel tower comparing to the pre-stressed concrete design. 
4. The quantity of CO2 emission [g/kWh] of the produced electrical energy is rather 
similar for both towers, 3.8 g/kWh.  
5. Months to recover embodied energy is 2,9 months and 2.3 months for the steel 
tower and the prestressed concrete tower, respectively. 
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6. Results obtained by studying results from this study and the reference literature 
shows rather consistent results, which indicate that the design and the data bases 
are rather reasonable. 
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Appendix 
A Ultimate Limit State design for the tubular steel tower. 
B1 Fatigue Limit State design for the tubular steel tower: plate to plate 
 connection. 
B2 Fatigue Limit State design for the tubular steel tower: flange connection.  
C Ultimate Limit State design for the prestressed concrete tower. 
D Fatigue Limit State design for the prestressed concrete tower. 
E1 Loads transferred from the tubular steel tower to the slab. 
E2 Design of foundations for the tubular steel tower. 
F1 Loads transferred from the prestressed concrete tower to the slab. 
F2 Design of foundations for the prestressed concrete tower. 
G Detail of the flanges used in the tubular steel tower. 

A. Ultimate Limit State design for
the tubular steel tower
A - 1
A - Ultimate Lime State design for the steel tower
In this paper, Eurocode 1993-1-6 has been used, as it is the only normative available for
the calculation of this kind of structures. 
In the dimensioning procedure, buckling phenomenon has been taken into account.     
Material
Steel S355:
fyk 355MPa Characteristic yield strentgh.
ρs 7850
kg
m3
 Unitary weight for steel.
E 210000MPa Modulus of elasticity.
ν 0.3 Poisson's ratio in elastic stage.
γM0 1.0 Partial safety factor for ultimate plastic resistance.
γM1 1.0 Partial safety factor for buckling resistance.
Dimentions and propieteis of the cross section
Height of the tower: Outer diameter of the
cross-section:
Tickness of the
cylinder:
htower 100m
h
20
40
60
80
100


m ϕouter
3.3
3.55
3.85
4.25
4.5


m t
15
22
28
30
34


mm
router
ϕouter
2
 Outer radius of the cross-section.
ϕinner ϕouter 2 t Inner diameter of the cross-section.
rinner
ϕinner
2
 Outer diameter of the cylinder.
Radius of the cylinder medium
section.rtower router
t
2

ϕtower rtower 2 Diameter of the cylinder medium
section.
Asection π router
2 rinner
2  Cross-sectional area.
A - 2
A - Ultimate Lime State design for the steel tower
Iz
1
4
π router
4 rinner
4  Moment of inertia.
ymax router Maximum distance of every point to the centroid of its section.
Wz
Iz
ymax
 Cross-sectional resistent moment.
Determination of the buckling reductor factor χ
Determination of the factor Cx:
ω
20m
rtower t 
127.418
101.524
86.461
79.493
72.585


 Dimensionless length parameter EN 1993-1-6 (D.1)
Cxb 3 Parameter depending on the boundary condition EN 1993-1-6 (Table D.1)
i 0 4
Short cylinders defined by 
EN 1993-1-6 (D.35) Cxi
1.36
2.07
ωi
 1.83
ωi
 ωi 1.7if
1 1.7 ωi 0.5
rtoweri
ti
if
max 1
0.2
Cxb
1 2 ωi
ti
rtoweri


 0.6

otherwise

Medium-length cylinders defined
by EN 1993-1-6 (D.35) 
Long cylinders defined by
EN 1993-1-6 (D.37) 
Cx
0.912
0.898
0.898
0.916
0.919



Critical axial buckling stress
EN 1993-1-6 (D.2) σxRcr
E
3 1 ν2 
t
rtower
Cx



1058.005
1423.189
1671.836
1655.227
1779.055


MPa
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A - Ultimate Lime State design for the steel tower
Buckling parameters:
β 0.6 The plastic range factor EN 1993-1-6 (D.16)
η 1.0 The interaction exponent EN 1993-1-6 (D.16)
Q 16 Normal quality is supposed
Axial compression fabrication quality EN 1993-1-6 (Table D.2)
The characteristic imperfection amplitude
EN 1993-1-6 (D.15) Δwk t
rtower
t




1
Q

9.81
12.312
14.457
15.725
17.221


mm
The elastic imperfection factor
EN 1993-1-6 (D.14)αx
0.62
1 1.91
Δwk
t


1.44

0.304
0.339
0.357
0.354
0.361



The plastic limit relative slenderness
EN 1993-1-6 (8.16)  
λp
αx
1 β( )
0.872
0.921
0.945
0.94
0.95



The axial squash limit slenderness
EN 1993-1-6 (D.16)λx0 0.2
The relative shell slenderness
parameter EN 1993-1-6 (8.17)λx
fyk
σxRcr


0.579
0.499
0.461
0.463
0.447



A - 4
A - Ultimate Lime State design for the steel tower
j 0 4
χj 1 λxj
λx0if
1 β
λxj
λx0 
λpj
λx0 


η
 λx0 λxj λpjif
αxj
λxj
 
2
otherwise
 EN 1993-1-6 (8.13)
EN 1993-1-6 (8.14)
EN 1993-1-6 (8.15)
χ
0.662
0.751
0.79
0.787
0.803


 Buckling reductor factor for class B.
Loads
Fwind 1000kN Characteristic horitzontal wind load.
γd 1.35 Partial safety factor for design load.
Fwind.d Fwind γd 1350 kN Design horitzontal wind load.
Mturbine 80tonne Assumed mass of the turbine.
Wturbine Mturbine g γd 1.059 106 N Assumed weight of the turbine.
Axial stress:
Wtower h( ) π ϕtower t h ρs g  Weight of the tower in function of the variable h.
V h( ) Wtower h( ) Wturbine Axial force applied to a cross-section in function
of the variable h.
V h( )
1.297 106
1.81 106
2.612 106
3.509 106
4.731 106


N
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A - Ultimate Lime State design for the steel tower
Bending moment:
Mz h( ) Fwind.d h Bending moment applied to a cross-section as a
function of the variable h.
Mz h( )
2.7 104
5.4 104
8.1 104
1.08 105
1.35 105


kN m
Ultimate Limit State Verification
σb.Rd σEd
σEd
Mz h( )
Wz
V h( )
Asection

221.726
260.066
261.751
268.026
265.304


MPa Design value of the total compression stress.
σb.Rd
fyk
γM1
χ
234.872
266.517
280.389
279.287
284.943


MPa Design buckling strength of the steel.
Verification σb.Rd σEd
1
1
1
1
1



A - 6
B1. Fatigue Limit State design for
the tubular steel tower: plate to
plate connection
B1 - 1
B1 - Fatigue Lime State design for the steel tower: plate to plate connection
Fatigue design has been carried out following Eurocode 3 Part 1-9.
Plate to plate connectoin verification
Material: Steel S355
fyk 355MPa Characteristic yield strentgh.
E 210000MPa Modulus of elasticity.
ν 0.3 Poisson's ratio in elastic stage.
Partial factors:
γMf 1.0 Partial factor for fatigue strength Δσc.
γFf 1.0 Partial factor for equivalent constant amplitude stress ranges ΔσE.
Dimensions:
htower 100m Total height of the tower.
Height of the tower ingresing
towards the top for every verified
connection. 
h
20
40
60
80


m
Thickness of the upper plate of
the connction.t2
14
18
22
24


mm
Thickness of the down plate of
the connction.t1
18
22
24
28


mm
At each connection there is an intersection of two plates with different diameter and thickness. In order to
increase safety, for calculating the cross-section propieties and the applied stress, the most unfavorable
side has been considered.
ϕouter
3.3
3.55
3.85
4.25


m Outer diameter of the cylinder at every verified connection. 
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B1 - Fatigue Lime State design for the steel tower: plate to plate connection
Propieteis of the cross section:
ϕinner ϕouter 2 t2 Inner diameter of the cylinder at every verified connection.
rtower
ϕouter
2
t2
2
 Middle section's radius of the cylinder at every verified
connection.
router rtower
t2
2
 Outer radius of the cylinder at every verified connection. 
rinner rtower
t2
2
 Inner radius of the cylinder at every verified connection. 
Asection π router
2 rinner
2  Cross sectional area of the cylinder at every verifiedconnection. 
Iz
1
4
π router
4 rinner
4  Moment of inertia of the cylinder at every verified connection. 
ymax router Maximum distance of every point to the centroid of its
section.
Wz
Iz
ymax
0.118
0.175
0.252
0.335


m3 Resistent moment of the smaller cross-section at every
verified connection. 
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B1 - Fatigue Lime State design for the steel tower: plate to plate connection
Loads
Maximum design load assumed to be
applied to the tower.Fw 1000kN
Ff Fw 0.1 100 kN Fatigue service load equivalent to the
variable stress spectrum.
Mz Ff h
2 106
4 106
6 106
8 106


N m Bending moment produced by the fatigue
load at every verified connection. 
ΔMz 2 Mz
4 106
8 106
1.2 107
1.6 107


N m Bending moment range produced by the
cycling load. 
Characteristic stress range produced by the variable load.
EN 1993-1-9 6.2.Δσz
ΔMz
Wz
33.833
45.591
47.665
47.798


MPa
ΔσEd.i Δσz γFf
33.833
45.591
47.665
47.798


MPa Design stress range produced by the variable load.
NR 8 10
8 Number of cycles during the 20 year servicelife of a wind tower.
ΔσC 80MPa Reference value of the fatigue strenght at Nc = 2·106 cycles.
EN 1993-1-9 (figure 7.1).
ΔσD
2
5


1
3
ΔσC γMf 58.945MPa Constant amplitude fatigue limit EN 1993-1-9 7.1 (2).
Stress concentration factor
e
1
2
t1 t2 
2
2
1
2


mm Eccentricity of the connection. Reference [15].
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i 0 3
Ksi
25mm
t2i


0.25 1
1 6
ei
1
t1i
t2i


2.5



t2i



 t2i 25mmif
1
1 6
ei
1
t1i
t2i


2.5



t2i



otherwise

Ks
0.77
0.799
0.892
0.832


 Stress concentration factor EN 1993-1-9 7.2.2
ΔσC.Red ΔσD Ks
45.405
47.102
52.554
49.022


MPa EN 1993-1-9 7.2.2 (7.1)
Verification found in reference [14] not explicity
given in EN 1993-1-9.Verification ΔσEd.i
ΔσC.Red
γMf

1
1
1
1



ΔσEd.i
33.833
45.591
47.665
47.798


MPa
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B2. Fatigue Limit State design for
the tubular steel tower: flange
connection
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B2 - Fatigue Limit State design for the tubular steel tower: flange connection
Fatigue design has been carried out following Eurocode 3 Part 1-9.
Flange connectoin verification
Material: Steel S355
fyk 355MPa Characteristic yield strentgh.
E 210000MPa Modulus of elasticity.
ν 0.3 Poisson's ratio in elastic stage.
ρs 7850
kg
m3
 Unitary weight for steel.
Partial factors:
γMf 1.0 Partial factor for fatigue strength Δσc.
γFf 1.0 Partial factor for equivalent constant amplitude stress ranges ΔσE.
Dimensions:
htower 100m Total height of the tower.
Height of the tower ingresing
towards the top for every verified
section. 
h
30
65
100


m
t
16
20
28


mm Tickness of the cylinder.
ϕouter
3.55
4.25
4.5


m Outer diameter of the cylinder.
ϕinner ϕouter 2 t
3.518
4.21
4.444


m Inner diameter of the cylinder.
rtower
ϕouter
2
t
2

1767
2115
2236


mm Middle section's radius of the cylinder.
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Propieteis of the cross section:
Outer radius of the tower of every verified
section. router rtower
t
2

1.775
2.125
2.25


m
Inner radius of the tower of every verified
section. rinner rtower
t
2

1.759
2.105
2.222


m
Cross section's area for every verified
section. Asection π router
2 rinner
2 
0.178
0.266
0.393


m2
Iz
1
4
π router
4 rinner
4 
0.277
0.594
0.983


m4 Moment of inertia of every verified section. 
ymax router
1775
2125
2250


mm Maximum distance of every point to the
centroid of its section.
Wz
Iz
ymax
0.156
0.28
0.437


m3 Resistent moment of every verified section.
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Loads
Maximum design load assumed to be
applied to the tower.Fw 1000kN
Ff Fw 0.1 100 kN Fatigue service load equivalent to the
variable stress spectrum.
Mz Ff h
3 106
6.5 106
1 107


N m Bending moment produced by the fatigue
load at every verified section. 
ΔMz 2 Mz
6 106
1.3 107
2 107


N m Bending moment range produced by the
cycling load. 
Characteristic stress range produced by the variable load.
EN 1993-1-9 6.2.Δσz
ΔMz
Wz
38.403
46.471
45.759


MPa
ΔσEd.i Δσz γFf
38.403
46.471
45.759


MPa Design stress range produced by the variable load.
NR 8 10
8 Number of cycles during the 20 year servicelife of a wind tower.
ΔσC 71MPa Reference value of the fatigue strenght at Nc = 2·106 cycles.
EN 1993-1-9 (figure 7.1).
ΔσD
2
5


1
3
ΔσC γMf 52.313MPa Constant amplitude fatigue limit EN 1993-1-9 7.1 (2).
Verification found in reference [14] not explicity given in EN
1993-1-9.Verification ΔσEd.i
ΔσD
γMf

1
1
1



B2 - 4
C. Ultimate Limit State design for
the prestressed concrete tower
C - 1
C - Ultimate Limit State design for the prestressed concrete tower
Design of the wind tower has been performed according to Eurocode 2. 
Material
Concrete  C30/37:
fck 30MPa Characteristic compressive strength.
γc 1.5 Partial safety factor for concrete.
Design compressive strength.
fcd
fck
γc

Ecm 32GPa Young's modulus.
ρc 25
kN
m3
 Unity self-weight of prestressed concrete. 
Prestressing steel: 7-wire strands
fpk 1770MPa Characteristic value of the ultimate strength.
fp01k 1526.7MPa Characteristic value of the 0.1% proof stress.
γs 1.1 Partial safety factor for steel.
fpd
fp01k
γs
1387.909MPa Design value of steel strength.
Ep 1.9 10
5 MPa Young's modulus.
ε1000 2.5% Maximum relaxation at 20º C. after 1000 h.
ϕnominal 15.7mm Nominal diameter of the strand.
Anominal 150mm
2 Nominal area of the strand.
ρ 1172
g
m
 Weight of the strand per unit of length.
ns 11 Number of strands forming a tendon.
Ap ns Anominal 1650 mm2 Cross sectional area of a tendon.
np 56 Number of tendons every cross section.
ϕduct 50mm Diameter of the ducts.
C - 2
C - Ultimate Limit State design for the prestressed concrete tower
Dimensions and propieteis of the cross section
Height of the tower: Outer diameter of the
cylinder:
Tickness of the
cylinder:
htower 100m
h
20
40
60
80
100


m ϕouter
4
4.75
5.3
6
6.5


m t
290
360
420
460
500


mm
ϕinner ϕouter 2 t Inner diameter of the cylinder.
router
ϕouter
2
 Outer radius of the cylinder.
rinner
ϕinner
2
 Inner radius of the cylinder.
rtower router
t
2
 Radius of the cylinder medium section.
ϕtower rtower 2 Diameter of the cylinder medium
section.
Ag π router
2 rinner
2  Total area of the cross section.
As Ap np 9.24 104 mm2 Steel area of the cross section.
Ac Ag As Concrete area of the cross section.
Ic
1
4
π router
4 rinner
4  Moment of intertia of the gross section.
ymax router Maximum distance from the centroid of the section.
Wz
Ic
ymax
 Resistent moment of the cross section.
Moment of intertia of the strand.
Ip
1
4
π
ϕnominal
2


4

Distange between centroid of the section and centroind
of the tendon. Since tendons are distributed equispaced
along the length of the circumference, the resultant
eccentricity of the cross-section is 0. 
ec 0
C - 3
C - Ultimate Limit State design for the prestressed concrete tower
Loads
Fw 1350kN Horitzontal load coming from the wind.
Wconcrete ρc Ag h 
1.69 106
4.965 106
9.659 106
1.601 107
2.356 107


N Self-weight of the prestressed concrete.
Wturbine 80tonne g 1.35 1.059 106 N Weight of the assumed turbine.
NEd Wturbine Wconcrete
2.749 106
6.024 106
1.072 107
1.707 107
2.462 107


N
Second order effects
Eurocode 2 proposes considering second order effects when the following expression is satified:
λ > λlim EN 1992-1-1 5.8.3
λlim
20 A B C
n
 Slenderness limit EN 1992-1-1 (5.13)
A 0.7 Recommended value in EN 19921-1 5.8.3.1 in case ψef is not known.
B 1.1 Recommended value in EN 19921-1 5.8.3.1 in case ω is not known.
C 0.7 Recommended value in EN 19921-1 5.8.3.1 in case rm is not known.
n
NEd
Ac fcd
 Relative normal force.
λlim
20 A B C
n
52.72
43.358
37.098
32.824
29.681


 Slenderness limit EN 1992-1-1 (5.13)
λ
lo
i
 Slenderness ratio EN 1992-1-1(5.14)
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Radius of gyration of the uncracked concrete
section.i
Ic
Ag

Effective buckling length l0:
Examples of different buckling modes and corresponding effective lengths for isolated
members.
EN 19921-1 Figure 5.7
General methodology for calculating the effective buckling length according to EN 19921-1
Figure 5.7 case(b).
lo1 2 htower 2 105 mm
Numerical methodology for calculating the effective buckling length based on numerous
experiments. Reference [19]:
μ
1 2.176
Wturbine
Wturbine Wconcrete




0.794
1.522
1.32
1.237
1.196
1.174



lo2 htower max μ0 μ1 μ2 μ3 μ4  1.522 105 mm
lo max lo1 lo2  2 105 mm
λ
lo
i
152.012
128.427
115.492
101.759
93.955


 Slenderness ratio EN 1992-1-1(5.14)
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Due to the slenderness of the tower, second order effects have to be considered:
Verification λ λlim
1
1
1
1
1



Amplification factor for first order moments:
Euler's buckling load.
NB
π
2 Ecm Ic
lo
2
4.62 107
9.507 107
1.525 108
2.442 108
3.372 108


N
C
1
1
NEd
NB

1.063
1.068
1.076
1.075
1.079


 EN 1992-1-1 (5.30)
Geometrical imperfections EN 1992-1-1 5.2
ϕ0
1
200
 Basic value.
αh
2
htower
2
3
2
htower
 1if
1 otherwise
 Recution factor for height.
αh 1
mα 1 Number of columns of the structure.
αm 0.5 1
1
mα


 1 Reduction factor for the number of
members.
θi ϕ0 αh αm 0.005 rad
For isolated concrete members, the effect of imperfections may be taken into account as an ecentricity e i:
EN 1992-1-1 5.2 (5.2)
ei θi
lo
2
 500 mm
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As the self-weight of the tower is a distributed preassure increasing towards the top, it has been
considered that the equivalent concentrated load was applied in the centroid of the triangular distribution. 
Δturbine ei 0.5 m
Δtower
htower
3
tan θi  0.167 m
Cross-sectional stresses
Bending moment
Bending moment produced by the wind:
Mz.w Fw h
2.7 107
5.4 107
8.1 107
1.08 108
1.35 108


N m
Stress because of geometric imperfections:
Mz.g Δturbine Wturbine Δtower Wconcrete
8.112 105
1.357 106
2.139 106
3.198 106
4.457 106


N m
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Amplification of the moments because of second order effects:
Mz Mz.w Mz.g  C 
2.957 107
5.91 107
8.943 107
1.196 108
1.504 108


N m
Stress produced by
the bending moment:
Compressive stress produced
by the axial loads:
σz
Mz
Wz
10.108
11.657
12.273
11.597
11.449


MPa σ
NEd
Ag
0.813
1.213
1.664
2.132
2.612


MPa
Prestressing force
Tensile force P applied at every section without prestressing. It can also be understood as the required
prestressing force to apply. 
P σz σ  Ag 
3.142 107
5.185 107
6.831 107
7.578 107
8.328 107


N Tensile force applied at every verified section.
Prestress losses
Losses due to friction: EN 1992-1-1 5.10.5.2
θ 0rad Sum of the angular displacements over a distance h [rad]
μ 0.19 Coefficient of friction between the tendon and its duct
k 0.01m 1 Unintentional angular displacement for internal tendons
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PL1 P 1 e
μ θ k h( )  

1.171 106
3.795 106
7.359 106
1.069 107
1.441 107


N EN 1992-1-1 5.10.5.2 (5.45)
Losses due to instantaneous deformation of concrete: EN 1992-1-1 5.10.5.1
PL2 Ap Ep
np
j np  Δσc t( ) 
Ecm t( )


 EN 1992-1-1 5.10.5.2 (5.44)
It is not possible to straight simultaneously all the tendons at the same time. Thus, EC-2 suggests
considering a loss of stress because of the sequential stressing procedure, which has been
estimated using an iterative calculation taking into account all the tendons. 
 
PL2 z 0
Atrans Ag
Ep
Ecm
1

Ap i




ytrans
Ag rtower
Ep
Ecm
1

Ap i cos
2 π
np
i

 rtower
Atrans


Iz Ic Ag rtower ytrans 2 EpEcm 1


Ip Ap i rtower ytrans 2 



z z
P PL1
np
Ap
Ep
Ecm
 1
Ag
cos
2 π
np
i

rtower

2
Iz



 np i 




i 1 npfor
z

PL2
4.763 106
5.151 106
5.035 106
4.326 106
3.888 106


N
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Losses at anchorage: EN 1992-1-1 5.10.5.3
Altough Eurocode 2 suggests considering this kind of losses, it doesn't give any recommendation.
Thus, reference [17] has been used.
The friction loss is assumed to vary linearly from the jack to the section considered with a slope sf:
sf
PL1
h
5.857 104
9.487 104
1.227 105
1.336 105
1.441 105


N
m

Slippage of the strands at the anchors (recommended
value in reference [17]).Δs 10mm
Extend of the slippage along the height. 
hd
Δs Ep As
sf
54.748
43.017
37.833
36.254
34.903


m
ΔP hd sf 
3.207 106
4.081 106
4.64 106
4.842 106
5.03 106


N Loss of prestressing force at the anchors.
i 0 4
PL3i
ΔPi
hdi
hi 
hdi
 hdi hiif
0 otherwise

PL3
2.035 106
2.863 105
0
0
0


N Loss of prestressing force at the section.
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Time dependent losses: EN 1992-1-1 5.10.6
Final shrinkage strain considereing outside location and relative humidity of 80 %:
εsh 0.28 10
3 EN 1992-1-1 3.1.4 Table 3.2
Loss of stress in the tendons at the design section due to
relaxation:
Δσp.r 3 ε1000
P PL1 PL2 PL3 NEd
As



21.263
39.486
54.082
63.18
72.73


MPa
m
Ep
Ecm
 Modular ratio
ψ 2 Final creep coefficient EN 1992-1-1 3.1.4
Stress in the concrete at the level of the tendons due to permanent loads plus presstresses:
σc
P PL1 PL2 PL3 NEd
Ag

7.75
9.798
10.348
9.722
9.507


MPa
Loss of stress in steel due to creep, shrinkage and relaxation:
EN 1992-1-1 5.10.6 (5.46)
Ref. [17] Example 8.10σp.tot
εsh Ep Δσp.r m ψ σc
1
m Ap
Ag
1
Ag ec
2
Ic



 1 0.8 ψ( )

165.254
207.969
229.253
231.098
238.185


MPa
PL4 As σp.tot 
1.527 107
1.922 107
2.118 107
2.135 107
2.201 107


N Total loss of force due to time-dependent effects.
C - 11
C - Ultimate Limit State design for the prestressed concrete tower
Prestressing load to apply to concrete: Total losses of prestressing load: 
P
3.142 107
5.185 107
6.831 107
7.578 107
8.328 107


N Plosses PL1 PL2 PL3 PL4
2.324 107
2.845 107
3.358 107
3.637 107
4.031 107


N
Prestressing required load to apply with the jack:
PTOTAL P Plosses
5.466 107
8.03 107
1.019 108
1.121 108
1.236 108


N
General Ultimate Limit State verifications for prestressed concrete
Tensile stress of the tendons
Maximum load applied to a tendon during tensioning should not exceed Pmax EN-1992-1-1 5.10.2.1
(5.41)
σp.max min 0.8 fpk 0.95 fp01k  1416MPa
Pmax As σp.max 1.308 108 N
Verification1 Pmax PTOTAL
1
1
1
1
1



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Compressive strength of the concrete
Concrete compressive stress in the structure resulting from the prestressing force and other loads
acting at the time of tensioning σcomp should not exceed 0.6·fck EN-1992-1-1 5.10.2.1 (5.41)
σcomp
NEd PTOTAL 
Ac
17.461
17.717
17.742
16.328
15.881


MPa
fck 0.6 18MPa
Verification2 σcomp fck 0.6
1
1
1
1
1



Shear reinforcement
According to EN 1992-1-1 6.2 additional shear reinforcement is not needed if VRd.c > VEd. 
Design shear force in the section considered resulting from
external loadind.VEd
Fw
Fw
Fw
Fw
Fw


1.35 106
1.35 106
1.35 106
1.35 106
1.35 106


N
VRd.c CRd.c k 3 100 ρ fck k1 σcp  bw d Design sehar resistance of a member withoutshear reinforcement En 1992-1-1 6.2.1.
CRd.c
0.18
γc
 Recommended value in En 1992-1-1 6.2.2
Recommended value in En 1992-1-1 6.2.2
k1 0.15
Diameter of the tower (medium section of
the cylinder.d ϕtower
k 1
200mm
d
 Expression in En 1992-1-1 6.2.2
bw 2 t Smallest width of the cross-section in the
tensile area.
ρ
As
bw d
 Reinforcement ratio.
C - 13
C - Ultimate Limit State design for the prestressed concrete tower
NEd P Tensile force applied to tendons.
Tensile stress applied to concrete before
prestressing.σcp
P
Ac
9.556
10.642
10.762
9.576
8.924


MPa
VRd.c CRd.c k 3 100 ρ fck k1 σcp  bw d 

3.842 106
6.142 106
8.027 106
9.055 106
1.006 107


N
Verification3 VRd.c VEd
1
1
1
1
1



Concrete cover
The concrete cover cnom is the distance between the surface of the reinforcement
closest to the nearest concrete surface EN 1992-1-1 (4.4.1).
cnom cmin Δcdev EN 1992-1-1 4.4.1.1 (4.1)
cmin: Minimum distance satisfaying the requirements for both bond and environmental
conditions for a service life of 50 years. EN 1992-1-1 4.4.1.2.
cmin.b ϕnominal Minimum cover due to bond requirement EN 1992-1-1 4.4.1.2 (3)
cmin.dur 30mm Minimum cover due to environmental conditions EN 1992-1-1 4.4.1.2 (5)
Δcdur.γ 0mm Additive safety element EN 1992-1-1 4.4.1.2 (6)
Δcdur.st 0mm Reduction of minimum cover for use of stainless steel EN 1992-1-1
4.4.1.2 (7)
Δcdur.add 0mm Reduction of minimim cover for use of additional protection EN 1992-1-1
4.4.1.2 (8)
cmin max cmin.b cmin.dur Δcdur.γ Δcdur.st Δcdur.add 10mm  30mm
Δcdev: Increase of the required minimum cover by the accepted negative deviation
      EN 1992-1-1 4.4.1.3
Δcdev 10mm
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cnom cmin Δcdev 40mm EN 1992-1-1 4.4.1.1 (4.1)
Concrete cover at verified cross-sections.
cdesign
t ϕduct
2
120
155
185
205
225


mm
Verification4 cdesign cnom
1
1
1
1
1



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D - Fatigue Limit State design for the prestressed concrete tower
In this appendix Eurocode 2 and reference [31] have been used. 
Material
Concrete  C30/37:
fck 30MPa Characteristic compressive strength.
γc 1.5 Partial safety factor for concrete.
Design compressive strength.
fcd
fck
γc

Ecm 32GPa Young's modulus.
ρc 25
kN
m3
 Unity self-weight of prestressed concrete. 
Prestressing steel: 7-wire strands
fpk 1770MPa Characteristic value of the ultimate strength.
fp01k 1526.7MPa Characteristic value of the 0.1% proof stress.
γs 1.1 Partial safety factor for steel.
fpd
fp01k
γs
1387.909MPa Design value of steel strength.
Ep 1.9 10
5 MPa Young's modulus.
ε1000 2.5% Maximum relaxation at 20º C. after 1000 h.
ϕnominal 15.7mm Nominal diameter of the strand.
Anominal 150mm
2 Nominal area of the strand.
ns 11 Number of strands forming a tendon.
Ap ns Anominal 1650 mm2 Cross sectional area of a tendon.
np 56 Number of tendons every cross section.
ϕduct 50mm Diameter of the ducts.
D - 2
D - Fatigue Limit State design for the prestressed concrete tower
Dimensions and propieteis of the cross section
Height of the tower: Outer diameter of the
cylinder:
Tickness of the
cylinder:
htower 100m
h
20
40
60
80
100


m ϕouter
4
4.75
5.25
6
6.5


m t
290
360
420
460
500


mm
ϕinner ϕouter 2 t Inner diameter of the cylinder.
router
ϕouter
2
 Outer radius of the cylinder.
rinner
ϕinner
2
 Inner radius of the cylinder.
rtower router
t
2
 Radius of the cylinder medium section.
ϕtower rtower 2 Diameter of the cylinder medium
section.
Ag π router
2 rinner
2  Total area of the cross section.
As Ap np 92400 mm2 Steel area of the cross section.
Ac Ag As Concrete area of the cross section.
Loads
Ff 0.1 1000 kN 100000 N Horitzontal fatigue load coming from the wind.
Mz Ff h
2 106
4 106
6 106
8 106
10 106


N m Bending moment produced by the fatigue load.
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Control for fatigue in concrete
Design fatigue strength of concrete EN 1992-1-1
(6.76)fcd.fat fcd 1
fck
250MPa

 17.6MPa
σc
Mz
0.5 x b z Compressive stress in the concrete sectionexposed to cyclic loading. [31]
x d α ρ 1 2
α ρ 1

 Distance to the neutral layer. [31]
d is the distance between bottom and top reinforcement. Since the tower has a circular section,
d has not a constant value. For this reason an average distance has been considered:
xg 2
ϕouter
3 π
The average value adopted for parameter d corresponds to the distance between the tendons which
are situated in the centroid of the semicircle. 
d 2 sin acos
4
3 π



 rtower
3359.289
3975.007
4373.414
5016.296
5432.812


mm
α
Ep
Ecm
5.938 Ratio between stiffness of the reinforcement
and the concrete.
ρ
As
Ac
 Reinforcement ratio.
x d α ρ 1 2
α ρ 1


5356.16
6854.17
7999.545
9182.659
10117.565


mm Distance to the neutral layer. [31]
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z d
x
3

 Inner lever.
b 2 t Considered width of the cross section.
Maximum compressive stress at a fibre. 
EN 1992-1-1 6.8.7 (2)σc.max
Mz
0.5 x b z
0.076
0.142
0.211
0.246
0.291


MPa
Minimum compressive stress at the same
fibre where σc.max occurs. If σc.min<0,
then σc.min = 0. 
EN 1992-1-1 6.8.7 (2)
σc.min
0
0
0
0
0


MPa
Verification1
σc.max
fcd.fat
0.5 0.45
σc.min
fcd.fat

1
1
1
1
1


 EN 1992-1-1 6.8.7 (6.77)
Verification2 0.5 0.45
σc.min
fcd.fat
 0.9
1
1
1
1
1


 EN 1992-1-1 6.8.7 (6.77)
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Control for fatigue in reinforcement
Parameters for S-N curves of prestressing steel: EN 1992-1-1 (table 6.5N)
Ncycles 10
6
k1 5
k2 10
ΔσRsk 150MPa
EN 1992-1-1 6.8.4 Figure 6.30
ncycles 800 10
6 Number of cycles of wind tower service life.
Δσs at ncycles is found by interpolation of the graph showed in EN-1-1 6.8.4 Figure 6.30
m atan
1
k2


0.1
n log ncycles Ncycles  8.903
p n tan m( ) 0.89
Δσs ΔσRsk 10
pMPa 142.233 MPa Stress range at N cycles from the appropiate S-N
curves given in Figure 6.30.
σs
Mz
As z
13.752
25.611
38.043
44.277
52.529


MPa Half of the steel stress considereing one
direction of the cyclic load.
Δσs.r 2 σs
27.505
51.222
76.085
88.554
105.058


MPa Maximum steel stress under cyclic load.
Verification3 Δσs Δσs.r
1
1
1
1
1


 EN 1992-1-1 6.8.5 (6.7.1)
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E1 - Loads transferred from the tubular steel tower to the slab
In this chapter, loads coming from the tower are calculated. All the forces applied to the
wind trubine are transferred to the foundation base through the anchor bolts as.
Horitzontal force H.
Vertical force V.
Overtunrning moment M.
For this reason, two situations are considered:
Applied loads at the bottom of the tower (1).
Applied loads at the bottom of the slab (2).
Dimensions:
Slab:
Width of the slab.
bslab 20m
Lenght of the slab.
lslab 20m
Aslab bslab lslab 400 m2 Area of the slab.
tslab 2m Thickness of the slab.
Tower:
htower 100m Total height of the tower.
Wtower 295tonne Total weight of the tower.
ϕinner 4432mm Inner diameter of the tower at the base section.
ϕouter 4500mm Outer diameter of the tower at the base section.
Material propieties:
ρRc 2500
kg
m3
 Self-weight of the reinforced concrete.
Es 210000MPa Young modulus of the steel.
Ek 33MPa Young modulus of the soil.
β 7.1rad Value depending on the length and width of the
slab found in the following table.
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E1 - Loads transferred from the tubular steel tower to the slab
Horitzontal force H
External loads:
Fw 1000kN 1.35 1350 kN Horitzontal load produced by the wind.
H1 Fw 1350 kN Horitzontal load applied to the tower.
H2 Fw 1350 kN Horitzontal load applied to the slab.
Vertical force V
Weight:
Wturbine 80 1.35 tonne Weight of the turbine.
Wtower 295 tonne Weight of the tower. 
Wslab Aslab tslab ρRc 2000 tonne Weight of the slab.
Vertical load applied at the bottom of the tower:
V1 Wturbine Wtower  g 3952.08 kN
Vertical load applied at the bottom of the foundation:
V2 Wturbine Wtower Wslab  g 23565.38 kN
Overturning moment M
Bending moment produced by the wind load:
MFw.1 Fw htower 135000 kN m Moment applied at the tower.
MFw.2 Fw htower tslab  137700 kN m Moment applied at the slab.
a) First order analysis: Action effects calculated without consideration of the effect of
structural deformation, but including geometric imperfections EN 1993-1-1 5.3
ϕ0
1
200
 Basic value
αh
2
htower
2
3
2
htower
 1if
1 otherwise
 Reduction factor for height
h applicable to columns.
αh 1
mα 1 Number of columns of the
structure.
αm 0.5 1
1
mα


 1 Reduction factor for the
number of columns.
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ϕ ϕ0 αh αm 0.005 rad Global initial sway imperfecitons.
ϕ 0.286 deg
The self-weight of the tower is a distributed preassure increasing
towards the top. An approximation has been done considering a
equivalent concentrated load applied in the centroid of the triangular
distribution. 
Δturbine htower tan ϕ( ) 0.5 m Displacement of the application
point of Wturbine.
Δtower
htower
3
tan ϕ( ) 0.167 m Displacement of the application
point of Wtower.
ΔMturbine Wturbine g Δturbine 529.564 kN m Additional moment because of the
displacement of the application point
of Wturbine.
ΔMtower Wtower g Δtower 482.164 kN m Additional moment because of the
displacement of the application point
of Wtower.
b) Second order analysis: According to EN 1993-1-1 5.2, when the deformation of the
structure critically efects its behaviour, moments have to be determined using a
second-order analysis.
Moments produced by the deformation of the soil ΔΩ and the displacement of the
structure Δp:
Displacement produced by the rotation of the soil: ΔΩ
Rotational stiffness of the soil:
Kϕk
Ek bslab
2 lslab
β
3.718 107 kN m
rad

Inverse of the rotational stiffness of the soil:
Fj
1
Kϕk
2.689 10 8 rad
kN m
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Rotation of the soil.
Ω Fw htower Fj 3.631 10 3 rad
Ω 0.208 deg
ΔΩ tan Ω( ) htower 0.363 m Displacement produced because of the
rotation of the soil.
Displacement produced by the deformation of the structrue because of the
applied load: Δp
Iz
π
64
ϕouter
4
ϕinner
4  1.189 m4 Inertia of the base cross-section of the tower.
Δp
Fw htower
3
3 Es Iz
1.802 m Displacement produced because of the
applied loads.
Total_displacement Δp ΔΩ 2.165 m Total displacement which produces second
order moments.
ΔM'turbine Wturbine g Total_displacement 2292.706 kN m Second order moment
produced by Wturbine.
ΔM'tower Wtower g
Total_displacement
3
 2087.494 kN m Second order moment
produced by Wtower.
Amplification factor for the bending moments:
As the wind tower is a slender element, buckling phenomenon has to be taken into account. For
this reason, bending moments are increased by using the appropiate amplification factor: EN
1993-1-1 5.2.2(4). 
μ
1 2.176
Wturbine
Wturbine Wtower


0.794
1.412 Ratio of the effective buckling lenght.
Pcrit
π
2 Es Iz
μ htower 2 123634.192 kN
Euler's critical load for the first
bulcking mode.
Nd Wturbine Wtower  g 3952.08 kN Loads producing buckling.
C
1
1
Nd
Pcrit

1.033 Amplification factor for the moments.
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Overturning moment applied at the bottom of the steel tower: 
M1 MFw.1 ΔMturbine ΔMtower ΔM'turbine ΔM'tower  C 145027.877 kN m
Overturning moment applied at the bottom of the foundation: 
M2 MFw.2 ΔMturbine ΔMtower ΔM'turbine ΔM'tower  C 147817.035 kN m
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E2 - Design of foundations for the tubular steel tower
In the following calculation a combination of Eurocode 2 and Eurocode 7 has been used.
Materials
Partial safety factors EN 1992-1-1 2.4.2.4:
γc 1.5 Partial safety factor for concrete.
γs 1.15 Partial safety factor for steel.
Concrete: C30/37:
fck 30MPa Characteristic compressive strenght.
fcd
fck
γc
 Design compressive strenght.
Ecm 33GPa Mean young modulus for concrete. 
ρRc 2500
kg
m3
 Mass density for reinforced concrete.
Reinforcement: Ribbed bar B500S
fyk 500MPa Characteristic yield strength.
fyd
fyk
γs
 Design yield strength.
Es 210000MPa Young modulus.
ν 0.3 Poisson coefficient.
ρs 7850
kg
m3
 Mass density.
Moraine soil: Reference [31]
σb 1600kPa Bearing capacity of the soil.
θd 34deg Friction angle of the soil.
cu 0kPa Undrained shear strength
Dimensions:
Tower:
Rtower 2.25m Base outer radius of the tower. 
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Slab:
b 20m Length of the slab.
l 20m Width of the slab.
hslab 2m Height of the slab.
ϕ 25mm Diameter of the tensile reinforcement.
ϕs 15mm Diameter of the shear reinforcement.
Concrete cover:
The concrete cover cnom is the distance between the surface of the reinforcement closest to the nearest
concrete surface EN 1992-1-1 (4.4.1).
cnom cmin Δcdev EN 1992-1-1 4.4.1.1 (4.1)
cmin: Minimum distance satisfaying the requirements for both bond and environmental conditions
for a service life of 50 years. EN 1992-1-1 4.4.1.2.
cmin.b ϕ Minimum cover due to bond requirement EN 1992-1-1 4.4.1.2 (3)
cmin.dur 30mm Minimum cover due to environmental conditions EN 1992-1-1 4.4.1.2 (5)
Δcdur.γ 0mm Additive safety element EN 1992-1-1 4.4.1.2 (6)
Δcdur.st 0mm Reduction of minimum cover for use of stainless steel EN 1992-1-1
4.4.1.2 (7)
Δcdur.add 0mm Reduction of minimim cover for use of additional protection EN 1992-1-1
4.4.1.2 (8)
cmin max cmin.b cmin.dur Δcdur.γ Δcdur.st Δcdur.add 10mm  30mm
Δcdev: Increase of the required minimum cover by the accepted negative deviation
      EN 1992-1-1 4.4.1.3
Δcdev 10mm
ccov cmin Δcdev 40mm Concrete cover in the base and the top of the slab.
clat 70mm Lateral concrete cover of the slab .
Depth to bottom reinforcement, placed in tow directions and two layers:
d1 hslab ccov ϕs 0.5 ϕ 1932.5mm Depth to he first reinforcement layer.
d2 hslab ccov ϕs 1.5 ϕ 1907.5mm Depth to he second reinforcement layer.
dm
d1 d2
2
1920mm Average dept to the bottom reinforcement.
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Depth to top reinforcement, placed in tow directions and two layers:
d'1 ccov ϕs 0.5 ϕ 67.5mm Depth to he first reinforcement layer.
d'2 ccov ϕs 1.5 ϕ 92.5mm Depth to he second reinforcement layer.
d'm
d'1 d'2
2
80mm Average dept to the bottom reinforcement.
Loads applied to the slab See appendix E1
All the forces applied to the wind trubine are transferred to the foundation base as:   
Vertical force V. 
Overtunrning moment M.
Horitzontal force H.
H 1350kN
V 23565kN
M 147817kN m
e
M
V
6.273 m Eccentricity of the slab. Reference [15].
beff b 2 e 7.455 m Effective width of the equivalent rectangular
foundation.Reference [15].
leff l 20 m Effective length of the equivalent rectangular
foundation.Reference [15].
Aeff beff leff 149.091 m2 Effective area of the equivalent rectangular
foundation.
σsoil
V
Aeff
158.058 kPa Compressive stress applied to the soil.
lcantilever
l
2
Rtower 7.75 m Length of the cantilever equivalent to the slab.
Load per unit length because of the reaction of the soil:
gsoil
σsoil beff 1 m
lcantilever
152.032
kN
m

Load per unit length because of the weight of the slab:
fslab hslab 1 m ρRc g 49.033
kN
m

Moment that needs to be resisted by the top reinforcement:
Mtop
1
2
fslab lcantilever2 1472.53 kN m
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Moment that needs to be resisted by the bottom reinforcement:
Mbottom
1
2
gsoil lcantilever2 Mtop 3093.189 kN m
Load that needs to be resisted by the shear reinforcement:
Vshear max fslab lcantilever fslab lcantilever gsoil lcantilever  798.242 kN
Limit states verification
Bearing resistance failure: EN 1997-1 6.5.2
σb 1600 kPa Design bearing resistance of the soil.
σsoil 158.058 kPa Ultimate limit state stress normal to the foundation. 
Verification1 σb σsoil 1
Failure by sliding: EN 1997-1 6.5.3
H 1350 kN Horitzontal component of the design load.
Sd V tan θd  15894.793 kN Design shear resistance between the base of the
foundation and the ground.
For the safety against failure by sliding on a horitzontal base, the following inequality shall be satisfied:
Verification2 H Sd 1
In addition, according to [15] the following expression must also be fulfilled:
Verification3
H
V
0.4 1
Failure by overturning: [15]
γd 1.5 Partial safety factor for the overturning moment.
Verificaiton4 V
l
2
 M γd 1
Reinforcement
Bottom reinforcement:
As
Mbottom
fyd dm d'm  3866.486 mm2 Bottom reinforcement amount per unit width.
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As.total As l 77329.724 mm2 Total required bottom reinforcement.
nbar ceil
As.total
π
ϕ
2
4



158 Number of reinforcing bars required.
sf
b 2 clat nbar ϕ
nbar 1
0.101 m Spacing bars.
Maximum distance between bars in the main
direction. EN 1992-1-1 9.3.1.1smax min 3 hslab 400mm  400 mm
sf smax 1
Top reinforcement:
A's
Mtop
fyd dm d'm  1840.662 mm2 Bending top reinforcement amount per unit width.
A's.total A's l 36813.245 mm2 Total required top reinforcement.
n'bar ceil
A's.total
π
ϕ
2
4



75 Number of reinforcing bars required.
s'f
b 2 clat n'bar ϕ
n'bar 1
0.243 m Spacing bars.
Maximum distance between bars in the
secondary direction. EN 1992-1-1 9.3.1.1s'max min 3.5 hslab 450mm  450 mm
s'f smax 1
Shearing reinforcement:
Calculation of the reinforced bars required to support the shearing force VR.
Desing shear resistance of the cantilever without shear reinforcementty VRd.C:EN 1992-1-1 6.2.2 (6.2.a)
VRd.c CRd.c K 3 100 ρ fck 1000 d
CRd.c
0.18
γc
 Recommended factor by EC-2.
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Factor to consider the grainy effect of the
aggregate.K 1
0.2m
dm
 1.323
ρ
As
dm 1 m
0.002 Mechanical volume of the section.
fck 30MPa Characteristic yield strenght of concrete.
VRd.c CRd.c K 3 100 ρ fck dm 1000 mm 555.058 kN
VRd.c Vshear 0
Concrete cannot support the shear force. As a concequence, shearing reinforcement is needed.
Desing shear force which can be sustained
by the yielding shear reinforcement.VRd.shear
As.shear fyd z cot θ( )
sshear

As.shear π
ϕs
2
4
 2 353.429 mm2 Mechanical contribution of the stirrups.
z dm d'm  0.9 1656mm Inner lever arm of the cross-section.
fyd 434.783 MPa Characteristic yield strenght of steel.
θ 45deg Angle between concrete compression struts
and the main tension chord.
sshear 0.3m Spacing of the stirrups.
VR.shear
As.shear fyd z cot θ( )
sshear
848.23 kN
VR.shear Vshear 1
Number of stirrups needed:
b 20 m Length of the slab.
ns 64 Number of stirrups used.
b 2 clat ns ϕs ns 1  sshear 1
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F1. Loads transferred from the
prestressed concrete tower to
the slab
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F1 - Loads transferred from the prestressed concrete tower to the slab
In this chapter, loads coming from the tower are calculated. All the forces applied to the
wind trubine are transferred to the foundation base through the tendons as.
Horitzontal force H.
Vertical force V.
Overtunrning moment M.
For this reason, two situations are considered:
Applied loads at the bottom of the tower (1).
Applied loads at the bottom of the slab (2).
Dimensions:
Slab:
Width of the slab
bslab 15m
Lenght of the slab
lslab 15m
Aslab bslab lslab 225 m2 Area of the slab.
tslab 2m Thickness of the slab
Tower:
htower 100m Total height of the tower.
Wtower 1811tonne Total weight of the tower.
ϕinner 5500mm Inner diameter of the tower, base section.
ϕouter 6500mm Outer diameter of the tower, base section.
Material propieties:
ρRc 2500
kg
m3
 Self-weight of the reinforced concrete.
Es 210000MPa Young modulus of the steel.
Ek 33MPa Young modulus of the soil.
β 7.1rad Value depending on the length and width of the
slab found in the following table.
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Horitzontal force H
External loads:
Fw 1350kN Horitzontal load produced by the wind.
H1 Fw 1350 kN Horitzontal load applied to the tower.
H2 Fw 1350 kN Horitzontal load applied to the slab.
Vertical force V
Weight:
Wturbine 80 1.35 tonne Weight of the turbine.
Wtower 1811 tonne Weight of the tower. 
Wslab Aslab tslab ρRc 1125 tonne Weight of the slab.
Vertical load applied at the bottom of the tower:
V1 Wturbine Wtower  g 18818.961 kN
Vertical load applied at the bottom of the foundation:
V2 Wturbine Wtower Wslab  g 29851.443 kN
Overturning moment M
Bending moment produced by the wind load:
MFw.1 Fw htower 135000 kN m Moment applied to the tower.
MFw.2 Fw htower tslab  137700 kN m Moment applied to the slab.
a) First order analysis: Action effects calculated without consideration of the effect of
structural deformation, but including geometric imperfections EN 1992-1-1 5.2
ϕ0
1
200
 Basic value.
αh
2
htower
2
3
2
htower
 1if
1 otherwise
 Reduction factor for height
h applicable to columns.
αh 1
mα 1 Number of columns of the
structure.
αm 0.5 1
1
mα


 1 Reduction factor for the
number of columns.
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ϕ ϕ0 αh αm 0.005 rad Global initial sway imperfecitons.
ϕ 0.286 deg
The self-weight of the tower is a distributed preassure increasing
towards the top. An approximation has been done considering a
equivalent concentrated load applied in the centroid of the triangular
distribution. 
Δturbine htower tan ϕ( ) 0.5 m Displacement of the application
point of Wturbine.
Δtower
htower
3
tan ϕ( ) 0.167 m Displacement of the application
point of Wtower.
ΔMturbine Wturbine g Δturbine 529.564 kN m Additional moment because of the
displacement of the application point
of Wturbine.
ΔMtower Wtower g Δtower 2959.999 kN m Additional moment because of the
displacement of the application point
of Wtower.
b) Second order analysis: When the deformation of the structure critically efects its
behaviour, moments have to be determined using a second-order analysis [19].
Moments produced by the deformation of the soil ΔΩ and the displacement of the
structure Δp:
Displacement produced by the rotation of the soil: ΔΩ
Rotational stiffness of the soil:
Kϕk
Ek bslab
2 lslab
β
1.569 107 kN m
rad

Inverse of the rotational stiffness of the soil:
Fj
1
Kϕk
6.375 10 8 rad
kN m
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Rotation of the soil.
Ω Fw htower Fj 8.606 10 3 rad
Ω 0.493 deg
ΔΩ tan Ω( ) htower 0.861 m Displacement produced because of the
rotation of the soil.
Displacement produced by the deformation of the structrue because of the
applied load: Δp
Iz
π
64
ϕouter
4
ϕinner
4  42.706 m4 Inertia of the base cross-section of the tower.
Δp
Fw htower
3
3 Es Iz
0.05 m Displacement produced because of the
applied loads.
Total_displacement Δp ΔΩ 0.911 m Total displacement which produces second
order moments.
ΔM'turbine Wturbine g Total_displacement 964.649 kN m Second order moment
produced by Wturbine.
ΔM'tower Wtower g
Total_displacement
3
 5391.913 kN m Second order moment
produced by Wtower.
Amplification factor for the bending moments:
As the wind tower is a slender element, buckling phenomenon has to be taken into account. For
this reason, bending moments are increased by using the appropiate amplification factor: EN
1992-1-1 (5.30). 
μ
1 2.176
Wturbine
Wturbine Wtower


0.794
1.189 Ratio of the effective buckling lenght.
Pcrit
π
2 Es Iz
μ htower 2 6261182.413 kN
Euler's critical load for the first
bulcking mode.
Nd Wturbine Wtower  g 18818.961 kN Loads producing buckling.
C
1
1
Nd
Pcrit

1.003 Amplification factor for the moments.
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Overturning moment applied at the bottom of the steel tower: 
M1 MFw.1 ΔMturbine ΔMtower ΔM'turbine ΔM'tower  C 145282.795 kN m
Overturning moment applied at the bottom of the foundation: 
M2 MFw.2 ΔMturbine ΔMtower ΔM'turbine ΔM'tower  C 147990.935 kN m
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In the following calculation a combination of Eurocode 2 and Eurocode 7 has been used.
Materials
Partial safety factors EN 1992-1-1 2.4.2.4:
γc 1.5 Partial safety factor for concrete.
γs 1.15 Partial safety factor for steel.
Concrete: C30/37:
fck 30MPa Characteristic compressive strenght.
fcd
fck
γc
 Design compressive strenght.
Ecm 33GPa Mean young modulus for concrete. 
ρRc 2500
kg
m3
 Mass density for reinforced concrete.
Reinforcement: Ribbed bar B500S
fyk 500MPa Characteristic yield strength.
fyd
fyk
γs
 Design yield strength.
Es 210000MPa Young modulus.
ν 0.3 Poisson coefficient.
ρs 7850
kg
m3
 Mass density.
Moraine soil: Reference [31]
σb 1600kPa Bearing capacity of the soil.
θd 34deg Friction angle of the soil.
cu 0kPa
Undrained shear strength
Dimensions:
Tower:
Rtower 3.875m Base outer radius of the tower. 
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Slab:
b 14m Length of the slab.
l 14m Width of the slab.
hslab 2m Height of the slab.
ϕ 25mm Diameter of the reinforcement in the main direction..
ϕ' 12mm Diameter of the reinforcement in the secondary direction.
ϕs 15mm ϕ' Diameter of the shear reinforcement.
Concrete cover:
The concrete cover cnom is the distance between the surface of the reinforcement closest to the nearest
concrete surface EN 1992-1-1 (4.4.1).
cnom cmin Δcdev EN 1992-1-1 4.4.1.1 (4.1)
cmin: Minimum distance satisfaying the requirements for both bond and environmental conditions
for a service life of 50 years. EN 1992-1-1 4.4.1.2.
cmin.b ϕ Minimum cover due to bond requirement EN 1992-1-1 4.4.1.2 (3)
cmin.dur 30mm Minimum cover due to environmental conditions EN 1992-1-1 4.4.1.2 (5)
Δcdur.γ 0mm Additive safety element EN 1992-1-1 4.4.1.2 (6)
Δcdur.st 0mm Reduction of minimum cover for use of stainless steel EN 1992-1-1
4.4.1.2 (7)
Δcdur.add 0mm Reduction of minimim cover for use of additional protection EN 1992-1-1
4.4.1.2 (8)
cmin max cmin.b cmin.dur Δcdur.γ Δcdur.st Δcdur.add 10mm  30mm
Δcdev: Increase of the required minimum cover by the accepted negative deviation
      EN 1992-1-1 4.4.1.3
Δcdev 10mm
ccov cmin Δcdev 40mm Concrete cover in the base and the top of the slab.
clat 70mm Lateral concrete cover of the slab .
Depth to bottom reinforcement, placed in tow directions and two layers:
d1 hslab ccov ϕs 0.5 ϕ 1932.5mm Depth to he first reinforcement layer.
d2 hslab ccov ϕs 1.5 ϕ 1907.5mm Depth to he second reinforcement layer.
dm
d1 d2
2
1920mm Average dept to the bottom reinforcement.
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Depth to top reinforcement, placed in tow directions and two layers:
d'1 ccov ϕs 0.5 ϕ' 61mm Depth to he first reinforcement layer.
d'2 ccov ϕs 1.5 ϕ' 73mm Depth to he second reinforcement layer.
d'm
d'1 d'2
2
67mm Average dept to the bottom reinforcement.
Loads applied to the slab See appendix F1
All the forces applied to the wind trubine are transferred to the foundation base as:   
Vertical force V. 
Overtunrning moment M.
Horitzontal force H.
H 1000kN
V 27772kN
M 110762kN m
e
M
V
3.988 m Eccentricity of the slab. Reference [15].
beff b 2 e 6.023 m Effective width of the equivalent rectangular
foundation.Reference [15].
leff l 14 m Effective length of the equivalent rectangular
foundation.Reference [15].
Aeff beff leff 84.329 m2 Effective area of the equivalent rectangular foundation.
σsoil
V
Aeff
329.33 kPa Compressive stress applied to the soil.
lcantilever
l
2
Rtower 3.125 m Length of the cantilever equivalent to the slab.
Load per unit length because of the reaction of the soil:
gsoil
σsoil beff 1 m
lcantilever
634.789
kN
m

Load per unit length because of the weight of the slab:
fslab hslab 1 m ρRc g 49.033
kN
m

Moment that needs to be resisted by the top reinforcement:
Mtop
1
2
fslab lcantilever2 239.42 kN m
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Moment that needs to be resisted by the bottom reinforcement:
Mbottom
1
2
gsoil lcantilever2 Mtop 2860.133 kN m
Load that needs to be resisted by the shear reinforcement:
Vshear max fslab lcantilever fslab lcantilever gsoil lcantilever  1830.485 kN
Limit states verification
Bearing resistance failure: EN 1997-1 6.5.2
σb 1600 kPa Design bearing resistance of the soil.
σsoil 329.33 kPa Ultimate limit state stress normal to the foundation. 
Verification1 σb σsoil 1
Failure by sliding: EN 1997-1 6.5.3
H 1000 kN Horitzontal component of the design load.
Sd V tan θd  18732.451 kN Design shear resistance between the base of the foundation
and the ground.
For the safety against failure by sliding on a horitzontal base, the following inequality shall be satisfied:
Verification2 H Sd 1
In addition, according to [15] the following expression must also be fulfilled:
Verification3
H
V
0.4 1
Failure by overturning: [15]
γd 1.5 Partial safety factor for the overturning moment.
Verificaiton4 V
l
2
 M γd 1
Reinforcement
Bottom reinforcement:
As
Mbottom
fyd dm d'm  3550.085 mm2 Bottom reinforcement amount per unit width.
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As.total As l 49701.185 mm2 Total required bottom reinforcement.
nbar ceil
As.total
π
ϕ
2
4



102 Number of reinforcing bars required.
sf
b 2 clat nbar ϕ
nbar 1
11.198 cm Spacing bars.
Maximum distance between bars in the main
direction. EN 1992-1-1 9.3.1.1smax min 3 hslab 400mm  400 mm
sf smax 1
Top reinforcement:
A's
Mtop
fyd dm d'm  297.176 mm2 Bending top reinforcement amount per unit width.
A's.total A's l 4160.458 mm2 Total required top reinforcement.
n'bar ceil
A's.total
π
ϕ'2
4



37 Number of reinforcing bars required.
s'f
b 2 clat n'bar ϕ'
n'bar 1
37.267 cm Spacing bars.
Maximum distance between bars in the
secondary direction. EN 1992-1-1 9.3.1.1s'max min 3.5 hslab 450mm  450 mm
s'f s'max 1
Shearing reinforcement:
Calculation of the reinforced bars required to support the shearing force VR.
Desing shear resistance of the cantilever without shear reinforcementty VRd.C:EN 1992-1-1 6.2.2 (6.2.a)
VRd.c CRd.c K 3 100 ρ fck 1000 d
CRd.c
0.18
γc
 Recommended factor by EC-2.
Factor to consider the grainy effect of the
aggregate.K 1
0.2m
dm
 1.323
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ρ
As
dm 1 m
0.002 Mechanical volume of the section.
fck 30MPa Characteristic yield strenght of concrete.
VRd.c CRd.c K 3 100 ρ fck dm 1000 mm 539.485 kN
VRd.c Vshear 0
Concrete cannot support the shear force. As a concequence, shearing reinforcement is needed.
Desing shear force which can be sustained
by the yielding shear reinforcement.VRd.shear
As.shear fyd z cot θ( )
sshear

As.shear π
ϕs
2
4
 2 353.429 mm2 Mechanical contribution of the stirrups.
z dm d'm  0.9 1667.7mm Inner lever arm of the cross-section.
fyd 434.783 MPa Characteristic yield strenght of steel.
θ 45deg Angle between concrete compression struts
and the main tension chord.
sshear 12cm Spacing of the stirrups.
VR.shear
As.shear fyd z cot θ( )
sshear
2135.557 kN
VR.shear Vshear 1
Number of stirrups needed:
b 14 m Length of the slab.
ns 103 Number of stirrups used.
b 2 clat ns ϕs ns 1  sshear 1
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